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BASIC STUDIES OF GASES FOR FAST SWITCHES

L. G. Christophorou and S. R. Hunter

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

I. INTRODUCTION

There has been increasing interest in recent years in the possibility

of using inductive energy storage devices as a means of storing and

transferring energy in numerous repetitive, pulsed power applications.

The major advantages to be realized using this technology are that the

intrinsic energy density of these devices is of the order of 10
2 to 103

1times those for capacitive systems and that this energy can be trans-

ferred to the load on the very short time scale of a few nanoseconds.

The major technological problem to be faced when using this type of

energy storage system is in the design of a repetitive opening switch.

A leading contender for this switching concept is an externally sustained

diffuse gas discharge operating at gas pressures of one to several

atmospheres. Two possible electron sources have been proposed for the

external control of the discharge current. They operate by means of gas

ionization by pulsed electron beams (e-beams)2 or by resonant ionization

processes of the gaseous medium using a pulsed high power laser. 3  A

number of operating parameters may be defined for these types of switches,

which are common to both switching concepts. These parameters can then

form a basis for tailoring specific gases and gas mixtures to optimize

these operating conditions as nearly as possible.

The operating principle of the diffuse switch in the energy storage

cycle is given in Fig. 1 (Ref. 1). In the conducting stage, the switch

S2 is open, and the switch S1 is conducting by means of a diffuse discharge,

i i i -: i: :. . , ... i i:! . :i' i , " . . :1
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which is sustained by ionization of the gas mixture using either an

e-beam or a laser. In the opening stage, the external ionization source

is removed, thus opening S. and the switch S is closed to allow the

energy stored in the inductor, Ls, to be transferred to the load, ZL.

It is known, however, that in an inductive system where one attempts to

rapidly open the conducting switch, a very large voltage is induced

across the switch due to the term V. = -L di/dt (L is the inductance of

L in Fig. 1, and i is the current). This induced voltage tends tos

maintain a conducting arc between the electrodes of the switch S and to

quote Kristiansen et al.,1 "How to interrupt the conduction process

against a high-driving voltage is the essence of an opening switch."

ORNL-DWG 82-14374

STORAGE SWITCH S2

INDUCTOR L

BEAM

WINDOW DIFFUSE DISCHARGE
OPENING SWITCH Sj

CO LASER OR ADZ LUURRET E-1BEAMSOOURCE
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Fig. 1. Inductive energy discharge circuit (from Ref. 1).
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The circuit equation governing the electron number density, ne, in

the diffuse discharge switch, Si, which is driven by an external electron

beam flux, Jb' at a given E/N, is

dn

dne = <d/dx> JbW - 1 - k n N k nen +  (3W - knN(1)
dt aea 'Re+

1I

where <dc/dx> is the mean energy loss in the direction of the beam, W is

4
the average energy required to produce an ion pair, ka is the electron

attachment rate constant, N is the attaching gas number density, k isa R1

the two-body recombination rate constant, and n+ is the positive ion

number density. A similar expression may be written when the current in

the switch is sustained by resonance (laser) photoionization of the gas

mixtures. The current density in the switch Js is given by Ohm's law,

i.e.,

J en w , (2)
s e

where w is the electron drift velocity.

In the conducting stage, the electron current density in the switch

must be as large as possible for a given e-beam current. In order for

the switch to be as effective as possible, the electron loss terms in

Eq. (1) must be minimized. Along with the minimization of the electron

attachment rate constant k, the electron ionization rate constant ki

resulting from the applied electric field must be small,2 otherwise the

switch opening time will be increased considerably. This source of

ionization can be ignored provided that k i < ka during the conducting

and opening stages of the switch.

Conversely, the electron gain term <d&/dx> b W-i must be maximized

so as to enhance the current gain in the discharge by minimizing the

6:



nonionizing inelastic processes in the gas constituents, while attempting

to maximize their ionization cross sections. To maximize the efficiency

of ion pair production, and hence the current in the switch, W must be

minimized for a given gas mixture. A further criterion for enhancing

the switch current, J5, from Eq. (2) is to maximize the electron drift

velocity (or mobility) at the given electric field strength during the

conduction stage. The desirable characteristics of the gaseous medium

during the conduction stage may thus be summarized as follows: (1) maximum

electron drift velocity, w; (2) minimum e-beam ionization energy, W;

(3) minimum electron loss terms ka and k and (4) ki  a"

In the opening stage, the voltage across the switch increases

rapidly due to the induced voltage across the inductor, causing an

accompanying increase in E/N across the discharge gap. This basic

difference between the conducting stage, where the applied conduction

voltage is comparatively small (E/N t 3 x 10- 1 7 V cm 2),3 and the opening

stage, where the E/N across the gap may increase to values of >120 x

10 -  V cm , is the key to tailoring gas mixtures with the desired

operating characteristics.

In the opening stage, the external electron source is ceased, and

the largest rate of decrease in the current of switch SI occurs when ka

is as large as possible. Similarly, the response time of the switch is

improved from Eq. (2) by choosing a gas mixture in which the electron

drift velocity decreases when the E/N across the discharge gap increases.

The gas mixture must also be able to withstand a high breakdown field

(120 x 10- 1 7 V cm2) for successful operation of the switch at very

short opening times.



A further desirable characteristic of the gas mixture which becomes

important when it is proposed to operate the switch at high repetition

frequencies and a closed gas system is that the gas mixture be "self-healing".

That is, the composition of the gas mixture is unaffected by the repetitive

operation of the switch.3  This characteristic is unobtainable when

using a gas which attaches electrons dissociatively to form negative ion

and neutral fragments. Repetitive operation of the switch will eventually

alter the composition of the gas, and a possible degradation in performance

will result unless one employs a flowing rather than a closed gas system.

It is desirable in these circumstances that electron attachment proceeds

via stabilization of the parent negative ion. This attachment mechanism

does not lead to molecular fragmentation and thus increases the operating

life of the gas mixture in the switch.

The desirable characteristics of the gaseous medium during the

opening stage may now be summarized:

1. Minimum electron mobility, p;

2. Maximum electron attachment rate, ka;

-17 23. High breakdown strength (E/Nim 120 X 10 V cm

4. Self-healing gas mixtures for static gas-filled switches.

The desirable characteristics of the gas mixture in terms of the electron

drift velocity w(E/N) and k a(E/N) are shown in Fig. 2. The drift velocity

must be large at the E/N values indicated by the shaded region character-

istic of the conduction stage, and ka must be as small as possible in

this E/N range. In the opening stage, w must be as small as possible

and ka as high as possible at the E/N values (indicated by the shaded

region in Fig. 2) characteristic of this stage.
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ELECTRON DRIFT/ATTACHMENT
CHARACTERISTICS DESIRED IN
DIFFUSE-DISCHARGE SWITCHES

CONDUCTING OPENING
STAGE STAGE

DRIFT ATTACHMENT
VELOCITY I I RATE

I ICONSTANT
I kI t

I /

0 /

3 120
E/N (10-1 7 V-cm 2)

Fig. 2. Schematic illustration of the desirable characteristics of
the w(E/N) and k (E/N) functions of the gaseous medium in an externally
(e-beam-sustaine8) diffuse discharge switch. Indicated in the figure
are rough estimates of the E/N values for the conducting and opening
stages of the switch.

II. TECHNIQUES

We have used experimental techniques that have been developed in

this laboratory during the past 10 years or so to identify gases and gas

mixtures which have the desirable characteristics outlined in Section I

when used in diffuse discharge opening switches. These measurements

have allowed us to tailor gas mixtures which can optimize the character-

istics required in a given switching configuration.

Measurements of w in pure gases and gas mixtures have been made in

the apparatus described by Christophorou et al. '6 '7 This apparatus has

been used to measure w in gas mixtures for use in high speed proportional
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counters and to study the density dependence of w in dense polar gases.

Electron attachment rate constant, ka, measurements were obtained as a

function of mean electron energy, <e>, in a high pressure electron

attachment apparatus which has been described previously.4 '8 This

apparatus has been used to screen highly electron attaching gases for

possible use as gaseous dielectrics in high voltage transmission equip-

9
ment. These measurements have enabled us to identify several gases

with desirable electron attaching properties for use in diffuse discharge

opening switches. 10-13

We have designed and built a new experiment during the past financial

year to measure the W values [Eq. (1)] of selected gases and gas mixtures

which have been identified as possessing the desirable electron drift

0-13
velocity and attachment characteristics described above. 10 The

information is not only useful in modeling the electron conduction

characteristics in these switching mixtures but also can be used ..o

optimize the electron production efficiency by the electron beam by

adding small percentages of an appropriate impurity to the gas mixture.

The experimental technique is outlined in Appendix A, and the measurements

are given in Section III.B.

III. TECHNICAL PROGRESS

The measurements that have been performed during this reporting

period have allowed us to continue our studies on identifying attaching

gas/buffer gas mixtures which have very desirable electron attaching and

drift velocity characteristics for possible use in diffuse discharge

opening switches. Our measurements of the electron attachment rate

constants and negative ion production cross sections for several

electronegative gases with the desirable electron attaching properties

have now been published.8,
14 ,15
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A. New Experimental Techniques

1. An apparatus has been designed and constructed to enable us to

measure the average energy required to produce an electron-positive ion

pair, W, in the energy decay of high energy a particles (E '- 5.6 MeV).

This information is important in modeling the efficiency of e-beam

switched gas discharges, where the high energy e-beam is required to

produce multiple electron-positive ion pairs in the diffuse discharge.

At high enough energies (i.e., initial energies >3 x 10 4eV), the ionizing

efficiencies of electrons and a particles of the same velocity are

almost identical and do not depend on the initial energy of the ionizing

*particle, 4thus allowing data derived from a-particle energy decay

studies to be used in high energy electron decay studies. The experimental,

technique and schematic diagram of the experimental apparatus are given

in Appendix A.

2. A new high temperature electron attachment chamber has been

designed and constructed to replace the original apparatus. We found

that the insulators used in the original chamber lost their electrical

insulating properties at temperatures in excess of 300'C, effectively

shorting the electrodes of the drift assembly to grcund. After unsuc-

* cessfully trying different types of insulating material in order to

increase the electrical impedance at high temperatures, a different

chamber configuration was designed and built. In this chamber, the

* insulating support rods are connected to the vacuum vessel at the top

and bottom of the chamber where the temperature is kept close to room

temperature. A temperature gradient is maintained across the vessel,

* such that only the central portion of the chamber containing the drift

assembly electrodes is maintained at high gas temperatures. This



modification has allowed us to perform measurements up to 500'C with

good electrical insulation characteristics. Operation of the apparatus

at higher gas temperatures is possible but is not achievable at present

due to corona problems at the highest temperatures.

B. Basic Data

We have measured the electron attachment and ionization coefficients

and electron drift velocities in 029 CF4 , C2F61 C3 F and n-C4Flo gases

using a new method of data analysis. The pressure dependence of the

electron attachment coefficient in 02, C3 F8 , and n-C F has also been

21 3 4 10

analyzed. A paper describing this technique and the measurements in

these gases is in preparation.
Measurements of a/N and r/N in C2F6/Ar and C2 F6 /CH4 gas mixtures

have been obtained over the concentration range of from 0.1 to 100%

which can be used in modeling studies of diffuse discharge switches.

These measurements and their significance have been discussed in a paper

which was presented at the Fourth International Symposium on Gaseous

Dielectrics in May 1984 (see Part C of this section).

High pressure electron attachment rate constant measurements (k a
a

qw/N) ha~e been obtained in N2 and Ar buffer gases for the perfluoro-

ethers (CF3 )20 and (CF3 )2S from thermal energy (^-0.04 eV) to 4.6 eV.

Both (CF3 )2 S and (CF3 )2 0 have very desirable electron attaching proDerties

for use in diffuse discharge switches. Knowledge of the electron energy

distribution functions for N2 and Ar buffer gases has enabled us to

obtain the electron attachment cross sections (ca) for these electro-

negative gases from such measurements. Single collision negative ion

production studies have been performed for these gases which have identi-

fied the initial negative ion and neutral fragments which will be produced



during the operation of the switching gas discharge. These measurements

have recently been published (see Part C of this section).

Measurements of the electron attachment rate constant, ka , have

been made as a function of the mean electron energy, <E>, at gas tempera-
tures up to 700 K in CCF 3 and up to 750 K in C2F6 . A substantial

increase in the rate of electron attachment with gas temperature has

been observed in both of these molecules, which is interpreted as electron

attachment to higher vibrational levels of the ground state of these

molecules. A paper describing these measurements has been accepted for

publication (see Part C).

Electron drift velocity measurements have been made in many gas

mixtures, including CF4 /Ar, CF4 /CH4 ' C2 F 6/Ar, C2 F 6'/CH4, C 3 F8 /CH4'

CF 3 OCF 3 /Ar, CF 3 OCF 3/CH4, C2F6/N2, CF4/C2F6, and Ar/CH4 over a concen-

tration range of 0.1-100% of the attaching gas in the buffer gas. The

majority of these measurements have been reported at the Fourth

13
International Symposium on Gaseous Dielectrics. All these mixtures,
except the C2 F6N 2 mixture, exhibit a pronounced negative differential

conductivity region over a wide range of fractional concentrations of

the attaching gas in the buffer gas, and the position of the maximum in

the drift velocity is greatly affected by the concentration of the

13attac.h-nq gas, The ability to tailor the gas mixture to obtain the

des ire. mobility enhancement over the appropriate E/N range is essential

in order to optimize the operating conditions of the diffuse discharge

in the switch.

Measurements of the ratio of the transverse diffusion coefficient

to the electron mobility, DT/p, have been made in the attaching gases

CF4 anc C F each in the buffer gases CH4 and Ar, using the DT/p apparatus

4



, 11

at the Australian National University. Preliminary data analysis has

been made on the measurements in the C F CHgas mixtures, and the
2 6/C 4 ga

results were presented at the Fourth International Symposium on Gaseous

Dielectrics. 13

An extensive series of measurements of the W value have been made

in several binary and ternary gas mixtures containing C2F6. The apparent

W value of pure C F has been found to be very dependent on the total
2 6

gas pressure and applied voltage (Fig. 3) due to the large negative

ion-positive ion recombination coefficient in this gas. The true W

value of C2F 6 has been found to be 34.7 eV/ion pair from an extrapolation

of these measurements to infinite applied voltages (Fig. 3). W values

have also been obtained in the binary gas mixtures C2 F 6/Ar, C2 F 6/C2 H2

C 2F 6/2-C 4H8  C2 H 2/Ar, and 2-C4 H 8/Ar. Penning ionization processes have

been found to significantly decrease the W value in the latter two gas

mixtures and appear to be absent in the first three mixtures. Measure-

ments of W have also been made in the ternary gas mixtures C2 F6/Ar/2-C H

4 ~ ~~~ 6nC 48 ga8itue
and C2 6 /Ar/C2 H2. The measurements in the C2F6 /Ar/2-C4H. gas mixtures

are given in Fig. 4 and indicate that gas mixtures containing Ar and

C F and a small percentage of low ionization potential impurity (such
2 6

as C2H 2 or 2-C4 H ) can be tailored so as to minimize the W value of the

gas mixture and hence to optimize the efficiency of electron production

in an e-beam-controlled diffuse discharge switch. A paper is being

written in which these measurements and their theoretical analysis are

described in detail.

C. Publications

The preponderance of the results from the experiments outlined

above have been described in several papers which have either been

Qp
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Fig. 3. 1/W versus 1/V for C2F6 at various gas pressures.

4 published or accepted for publication. The electron drift velocity,

attachment, and ionization measurements have been presented at the

Fourth International Symposium on Gaseous Dielectrics held in Knoxville,

Tennessee, April 29-May 3, 1984, and published in Gaseous Dielectrics IV

13
(L. G. Christophorou, ed.) (see Appendix B). The material in this

paper is being prepared for an open literature publication. Our measure-

ments of the electron attachment rate constants and negative ion production

cross sections for the fluoroethers and fluorosulfides have recently

I]
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Fig. 4. W for the ternary gas mixtures 2-C4 H 8/Ar/C2F6 as a function

of the percentage of 2-C4H8 in Ar/C2F 6 for the following Ar/C2F6 composi-

tions: A = 100% Ar/0% C2F6; B = 99% Ar/1% C F6; C = 98% Ar/2% C F
2 6' 2 6' 2 6'

D = 95% Ar/5% C F6; E = 90% Ar/10% C F F 80% Ar/20% C F F 80% Ar/
2 6' 26' 26'

20% C2F6; G = 0% Ar/100% C2F6.

been published (see Appendix C). The molecules CF3SCF 3 and CF3OCF3 have

very desirable electron attachment properties for use in diffuse discharge

switching applications. Our high temperature electron attachment rate

constant measurements to C2F6 and CCRF 3 have been accepted for publication

and will be published shortly (see Appendix D). The electron attachment

II
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rate constant for C F has been found to increase with increasing gas
2 6

temperature. This enhanced electron attachment at elevated gas tempera-

tures may, in fact, be beneficial to the operation of the switch at

these temperatures.

A complete listing of publications and presentations which have

been partially or totally sponsored by the Office of Naval Research is

given in the accompanying Publications Report.
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APPENDIX A

The experimental technique for determining the gas ionizing efficiency,
W, in gases and gas mixtures for use in diffuse discharge switching
applications.

I - " " ... m . . .i . . . . . .. . . .



ALPHA PARTICLE IONIZATION EFFICIENCIES OF GAS MIXTURES
FOR USE IN DIFFUSE DISCHARGE OPENING SWITCHES

Experimental Technique

To perform an experiment, open the grounding switch, S, at time t

=0.

Current will flow into high quality (low loss) capacitor C from

charge generated in chamber by a-particle decay in the gas.

The voltage will then rise across the capacitor and is measured by

a very high impedance voltmeter, V --_current drain through voltmeter

should be negligible in comparison with current in the circuit (i.e., R

10 14 Q).

To keep the E/N constant across the drift gap, the voltage rise

must be compensated for by applying an equal voltage to the other side

of the capacitor. This is done by connecting a 5 V power supply and

linear resistor to the earthing side of C and adjusting the potentiometer

to increase the voltage to keep the voltage in the circuit -%, as measured

* by V. The voltage in the compensating circuit is monitored with the

voltmeter, V 2 ' and when the voltage has risen to a given value, say V X,

the experiment is stopped and the time to reach the voltage--t =t is2

recorded. The grounding switch is closed, and all potentials returned

to zere and thle procedure repeated at a different gas prusu-e, applied

voltage, or gas composition and different values of t2 are recorded.

Data Analysis

The energy required to produce one electron-ion pair, W, is derived

as follows:



P -I

The charge on the capacitor is

Q = CV,

and the rate of change of charge on C is

dQ = CdV
dt dt

The number of electron-positive ion pairs formed is given by

Total change in charge across C = C dV
electron charge e dt

The total energy deposited in the gas/minute by the a source is =

NE - no. of as per minute x energy of each a.

Thus W = energy deposited/minute NE e
no. of electron-ion pairs formed/minute = C dV/dt

knowing N, E, and C and measuring AV and At we can find W.

In practice, if W for argon is known, then an unknown W for a mixture

can be found from

WAr W unknown

ATAr ATunknown

By measuring the AT for argon and the "unknown' gas mixture [i.e.,

the time required to charge C to a given (aribtrary) voltage], W of the

mixture can be found.

The accuracy of the technique can be found by measuring AT in argon

and nitrogen and by measuring the ratio

ATAr W Ar

ATN WN2
2 2



We have found the ratio to be within -.0.2% of the generally accepted

ratio of W Arand W N2

IONIZAION________GUAR RING ____ CAIT ILti W'. AM

PLATECT PLATEIE

SW TENEAO

HIGH1 VOLTAGE L~I

(0-20KY) EMCCIUT

SCMIDT TRIO= TPD%

REA6



I

I

APPENDIX B

I

I

I

I



1. 7 T .

TRANSPOS7 PROPER71EF AN: rIELECTRIC STRENTH5 OF GAS

MIXTURES POP USE IN DIFFUSE DISCHARE OPENIN:. S,:TCHX.

S R HuWnter.* J. G. Carter. L G Christophorour and V. K LakdawalaI
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Gas mixtures for possible use ir diffuse discharge switchn; applications require

both higt dielectric strength and specific transport properties ir, the conducting

and the operin; stages of the operatiorn of the switct. Ir the conducting stage.

the electro. drift veloc2t. must be large, and the electror loss processes (e.g

due te electron attachment and recomkinatior. must be lo%. sc as to maximize the

efficiency of the current gai. it. the discharge vhile maintaining low discharge

impedance It, the opening stage. strong electron attachment along with high

dielectric strength is required of the gas mixtures in order to extinguist the

discharge as quickly as possible (and thus achieve a fast opening time) to

prevent arcing occurring betweer, the switch electrodes due to the high, voltages

induced across the switch in the opening phase. Ir, this paper, we vill present

measurements of the electrorn drift velocity, attachment, diffusion and ioniza-

tior. coefficierts. and h2g. voltage dielectric strengths of several gas

mixtures proposed as candidates for use ir diffuse discharge switching applica-

tions These include C3FaIr. C3 Fs/O' , , C2 F6 /A. C2 F 6 ,1'0 '. CF,!kr, CF./1 4 .

C7 3 OCF 3/Ar. and CF 3 OCF 3s.CH.- For some of these mixtures, the above transport

and dielectric strength measurements have beer performed over the concentratior

range frou 0 to 100% of the attaching gas in. the nonattaching buffer gas

KFrYWRt

fietro d-ift velo:'t% d~ffUS'Orr
" 0o'Zatior. attachmer: coeficlertE d;ffuse

d-s:ra-qe switches pu.fse. power ne9ag:ie d;fferentia, co.,du:tivat%

INTR3DU.7 Z ON

There has beer considerable interest it. recent years it. the possibility of using

* nductive energ- storage devices as a means of storing and rapidly transferring

electrical energy i. numerous pulsed power applications The primary ad,,antage tc

be gained fro the use of these energ, storage devices is that they have potential

enerq." storage densities 10C to 10:)r tines that of conparale capacitive storage

systems (Burtor. and co-workers 19"S-. Kristianser. and Schoerbach. 1981). One of

'24
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the major problems to be faced vith this technology before it car. be introduced ir.

a number of applications is that these inductive energy systems require a switch-

xng dev-ice that can repetitively switch (repetition rates > 2C. pps and more thar.

lCe shots) hgt. currents (e.g.. lOt kA for inertial fusion confinement) vath

opening times of the order of a few nanoseconds and being capable of withstanding

high voltages (>100 kV) during the opening stage without breakdor. (Kristaanse,

and Schoenbach. 1981. 1982).

One of the most promising contenders for fast repetitive switching is ar. externally

sustained diffuse gas discharge operating at gas pressures of one to several
atmospheres Twc different types of external electror sources have beer, proposed

for the control of the discharge current. They are by means of volume gas ionize-

tior by pulsed high energ electron beams ('e-beanL controlled'; e.g . Hunter
197C; Fernsler and co-workers 1980) or by resonant ,on-zat2on of the gaseous

mediua using a pulsed hig.i pover laser ("optically controlled, . e.g Schoernbat

and co-workers, 1982)

DIFFUSE DISCWarGE SWITCH OPERATIN3 PARAMETERS

The otior of the charge carriers in the diffuse discharge driver. by ar. external

electron bee- )f flux J at a giver E/N is governed by the following continuity

equation

dr. e k n N knN - k1R

where <d/dx> is the average energy deposited in the gas by the electrons frow the
e- zeaw in traveling a distance d, V is the average energy required to produce an
ion pair (and includes a contribution to the volume ionization by excited state
ionizatior of a lover ionizatior, potential gas additive in the case of Penning gas

mixtures), k is the electron. ionizatior. rate constant, k is the electron attach-
ment rate constant. k,, is the two-bOd" electrorn-ior recantaon rate constant

(ir. highly attaching gas mixtures recombination due to negative ion-positive ior.

newtralza tion will alsc be a significant process) r. e , rt, X . and NT are
respectively, the electron., positive ion. attaching gas, and total gas number

densities Similar equations so) be writter for the positive and negative ions
produced in the discharge.

The electron current density Je in the discharge is giver, by

20 [ r. 8.

e (r e I n I D L ea - D b (2)

and is dependent or. the electron drift velocity w the lon9itui;r.a" EL ard trans-

verse D7 diffusion coefficients, and vhere r is the radia; directio: perpendicuia:

tc the applied field At the ga pressures proposed for most switching applice-
tions (P T 1 atm), the diffusiorn terms ir, lq (2) are negligibly sall in cow-

parasor with the electro. drift velocity., W The positive and negative ion current
densities (J4 - er. and 3 - er ., respectively) do not pla} a significant role
ir. the transient stages (eg. , inr the opening stage) of the switching actior of

the discharge However. the positive and negative ion fluxes in the discharge dc

cause significant apace-charge distortion, such that the electric field withir the

;opy avolloble to DTIC do O
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discharge is spatiall.. depedr,ent and Poissor's equation must be solved ir. order

tc determine the field. I e

- and I - v (3)

n - C ed

where L as the perlr'tt;,.at) of the gaseous mediur.

Wit'. the aid of Eqs (I and (2 it is possible to establish several req..rements

of a gas m;xture ir. the diffuse d scharge which wall optirize the perforuance of
the swatch The cor,d--ti-;t) of the discharge must be maxirated whale the swatct

is cordrlcti.ng i e the vc'tage drop and herce the E'N across the discharge
sh c..ld be 10% (E IN I IC- 17 V ~2 Schoenbact and cc-workers, 1982) tc mirixsuze

power losses ard cor.nseuentI) gas heating effects ir. the awatch' The openn;

ti.re of the simtct. must be a shrt as possitle (i e largest rate of decrease a-

tne discharge currer.t orce the e-bear has beer. switched off r, order tc maxliur-e

the voltage developed across the inductive energr storage device (i.e , V =

- da'd:, where L as the inductance) Consequertl) the elect-or, conductivity it.

the discharge must be Ir.,r.zazed durin, the opening stage and the gas uixture must

be atle to withstand hxgt trans'ent vclitage levels (E/ l '
I " V cw2) while the

sv:tch is opening

Tnese operating conditio.s 0110% us to define several desirable characteristics of

the gaseous medis it. the conducting (o, E'N, and opernn; (hig . EN stages of

the switching actior. I. the conducting stage the req iremerts are as follows

I. Hlaximur electror drift velocity w - the larger w as. the higher the conductiv-
ity of the discharge and the greater the current densit) In the diffuse
discharge.

2 ftnamnx e-bear "aor.iaator. energy" W - the smaller W is, the greter the
current gain xr, the discharge wit. a consequent increase in the efficiency of
the coupling of the e-beajr to the discharge and a grester control of the
resultant discharge current

j Kiwm electror loss terms k and k,, - the conductivity of the discharge
drastacally decreaset and space-charge problems increase wher, the highly
motile electrons are converted intc relatively mobile negative ions

Similar)y. condutivt. will decrease if electror. and negative ion-positive

ior. recombiara cr ir the discharge is large due to the loss of the charge
carriers A fur.her proLes that results frow large recombinratiorn coeff;-

cien s it Lha" th, curre;." gair ir the switeh will decrease, and the energ'.
released ir the re:omatnatior process will result in icreased gas kanecx
energ ca,.isnc heerin; prol.ems .r the gas tnder repetitive Operatio:.

4 Hxr ra aor.xsatio: rate constant k - the conu:tivity of the ga. is reg-ired
tc be couple:e> cor:rc:.ed t. the externac ior.tator source otnerUse te
.ouer.;n; time of the sw.tc, wil be considerat.l increased due tc ad:::aora.

gas lor.;Zatior wher the e-bean is switched off (Pernsler arnd co-workers.
1981,;

lr the opening stage the recr.;remer.*s of the gas mixture are as follows

1 Minin electror drift velocity w - i.e . reduced electron mobilit and hence
lower electror, conductivity ir. the gas mixture

PKShI hilly legaL,,
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2. Maxi.m= electron sttahment rate constan k - i .e lower gas conductivity
by converting hig l) mobile e'ectrons intc re.ativel) Immobile negative ions

and by removing free electrons ftror the discharge reducing the currert

density due to additional lonizataor. processes as the EIN icreases

3. Hig. breakdown strength I/N (defined as the [/N at wtc.i, k - k a
> iC-

I  
V crT - the higher Ie Value of INf£ . the faster t e penr-ssib)e

rate of decrease ir. the electror, condfuctivaty, it. the d~scharge and hence the

shorter the opening time of the switc.

4 Self-healing gas mixtures - for closed cycle operation without a timle depend-

ent degradation in the performance of the switch, it is required that the gas

mixture compositior not change wit-n ti.me The gases ir the swatch ca r be

frageented either by collisions witii hig energY electrons frov the e-bear Qr

by neutra
. 

dissociatior and dissociative attachmeent processes occurring

during the diffuse discharge. particularly during the opening phase where the

E/N q,;ickly rises to very large values (E.'N , 2C-s V crr) This protlen car

be reduced by using gases that attach electrons nondissociatively and alsc

have lo neutral dissociatiorn cross sectionk and large neutral-neutra ane

negative ion-positive io. recon natior coefficients at hig. E!N value

5. In phctoexcited and phctolonized gas discharges (required for laser-controlled

discharges) it is desirable to have as. electror. attaching gas in which elec-

tro. attachment car. be increased (or decreased' fro phctoahsorptior, of the

laser radiatior. (SchoenbacY and co-workers, 1982).

The desirable characteristics for the E/N dependence of w and k for the gas

mixture it, the diffuse discharge are showr. ir. Fig 1 (Christophoro_ and co-workers

1962a 19E53

EXRIMEN(A.E K.5nUKREMENTS

It, this sectior, we outline some of our recent measurements of the electron attach-

ment. diffusior.. and ionization coefficients electror drift velocities and break-

dor. field strengths of several gas mixtures vhich we propose as candidates r.

diffuse discharge switch applications Some of these data have beer, reported by

us elsewhere (Christophorou and co-workers, 197 1982a. 1953, Carter and co-

workers. 1983)

Flectror. httashhment and lonization

HiqS pressure (FI > I ati) electro attachmer.t studies of the perfluoroalkar,es

(Hunte: and Christophorov 1964) and severa" fluorarated ethers (Spyrou and cc-

w-orkers 1964' have ahow- that severs of these mclecules possess electror attacr-

men: rate constarts w.ich have desiratle energ', dependences fc: diffuse discharga

ow:tcrhinc applicationL ( e., they attaci electrons efficiertI a: hig, energies

and have much reduced electro. attachmer." rate corstants at near-therzal energies

These measuremerts are su.arized ir FVic 2 and have beer otained usin; the

higtT-pressure swars. techr.ique outlined by Christophoro,. (19 ) and Hunter axn

Christophoro- (194 The molecule C3 FO is particularly noteworthy in, tha:

electror attachment to this molecule at atmospheric pressures is predotinantly by,

parent negative ior. atabIization, and thus this molecule could possibl) be used

ir closed-cycle switches

Ir order to better characterize the transport parameters of the electrons in gas

mixtures of practical significance, we have measured the electron attachment

coefficient r/% a in pure CSF& (Fig 3) as well as the effective ionizatiorn

CopY avoiLcble to DTIC does
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ELECTRON DRIFT/ATTACHMENT
CHARACTERISTICS DESIRED IN
DIFFUSE-DISCHARGE SWITCHES

CONDUCTING OPENING
STAGE STAGE

9. ATTACHMENT
DRF RLATE

VELOCITY r' CONSTANT
S(k,)

/% 
/

ft3 ft 2D

E/N (10-" V-cma)

Fig I. Schematic illustration of the desirable characteristics of the v(E'!N and
k (EN; functions of the gaseous mediur Ur. at, externa.ly (e-beaz' sustained diffuse
discharge switck,. Approximate values of the E/N for the discharge in the
conducting and oper.in; stages of the switc, are shorar. 2.r. the fiqgure (Crrlstophoro.
and co-workers. 1982a).

coeffacient (o 4 rl)/ph., (vhere o is the unnworuanzed ?.send ior..iatior
coeff~cient and F is the fractiona. concentratior. of the amtac.,nc gas ir the
biffe. gas . C.Fs5 kr (Fig 4a! and CF( 'CH 4 (Fir 4t gas i;x*,re! The atza:P:-
me.', coef;cier: measurements i. Cje are pressure deper,:Ier." (!. : as has beer
fou-; ir eleztror attachme:'. stud.;Cs te C.F ir a hig! -Fresse A butfer gas
'W.:.:e- and Ct.!'stophro. 19&4. W tt, ou* preser* tech.-o.. t -e- ar( - cc,-
w kesi 1964 we are ur,at.* tc separate o./N7 and r, ir gases wnere r "P Is

deper.d e: or the gae pressure Cor.sequn r.1 we preser t 
the rj'K valuei Ir Itr

u; t- or. 161 , IC
-
I V c-r. beyond wihc 2orzat~or processer a e expe:ted tc be

Usir.o this technrique wear. electron energies <c> uT. tc %4 5 ev are obtainate at
corpaatively lov E' values (fE 0 IC- 17 V Cr') as the electror energ. gair, an:!
loss pro:esses ir, the experiment are docrinated b the elastic electror. $catterinc
cross aector of the Ar buffer gas It. contrast the <t' of pure CP s ever, a
'N values as hsgi. as 2 5 C' V co"' is only %; 5 eV. and thus th- twc exeri-ments are probing the same sear, anerg. range and. correspornding), the same

electror, attachment processes

L

II-
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-- Fig 2. Total ulectror attach-
ment rate constarnts as a functior.

of the wear, electron energy --,r>
V for CF 4 . C,! 6 . C3F . CFSCF,.

E CT-.SF> and CF3OCF3 (hunrter andU -. '%. - C -. Christophorou 1914 Spyrou and
co-workers. 1954).

10
_ : A *~
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sig-.ificat (Naidu and Prasad. IS721 The measurements in the C2 F, gas mixtures

indicate that the peak ir. the electrorn attachment ir. these mixtures car. be pos2-

tiored at appropriate E/N values by either varying the attaching gas-buffer gas
com iratior, or by varying the percentage of the attaching gas it. the buffer gas.

such as tc maxi zze the rate of decrease ir, the condjctivity of the discharge and

thus mixwr, ze the opening time of the switch

Electron Drift Velocity

Measurements of w in gas mixtures comprised of CF4  C2!6 , C3 F!. and CF_.OCF. ir.

buffer gases of Ar and CH4 are giver. in Figs. 5-L These measurements were
obtained using the technipque outlined by Christophorou and co-workers (1962!:' and

were made over a concentratior range of r.]-lOO% of the attaching gas at. the

butfe gas &ll of these gas eaxtures exhibit a pronounced negative differentia:

co,du-':vit% (N.)-: rec;or over a wide range of fractional concertrations of the

atac. ,nc g -as ir. the baft er ga
- 

(2 e a regior. ove. which the electror dri.ft
velocit) decreases vctt increasin= E 'K ar contras: to the more ususa. ber.a.'3er

where v increases witt t,'Y- Perovie and cc-workers (1984' anc Rotso: (,964

have recerti quantified the cornd;t;ons under whic. N U car. occu Fc' N.- tc be

exY. ihted b) a gas mixture at is essential that the gas or one of the corns;tuertc

of the gas rixture. possess inelas ic processes wit. either a r rrd_. increas:nz

threshold scattering cross aectior or a cross section with a rapid.y decreasinc

higt-energ, tail. Negative differential conduc-tivitj is alsc enhanced ir, the gas
mixture wher, the elastic scattering cross sectaor, increases rapidly with energ.

alone watt, the inelastic cross section Further enhance-aent occurs wher the

inelastic process has a threshld at relatively large electror energies The use

of gas mixtures in which one gas possesses predominantly elastic scattering at lo.

electror energies and a deep Rairsauer-Townsend minimu in the elastic acattering

cross sectiorn with a rapidll increasing momentur transfer cross sectior, c at

higher electron energies (e.g , the heavier rare gases), and the othe: gas is a

Q av mdoe to D7'C does go
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Oe. - DCCI) '-SOII

C3F8

200 GAS PRESSITR (kPa)

145 S10 C, 1 . .

L 3 C ,

Jac c 10

25 "'a
C a 2C/

ICC • IC / "
S© 0.5 €.;A" i/

c 05

9/

0.0
0.0 O:.0 40.0 8OC. 80,0 1000 M C 140.0 1600 MC

E/N (10O1 V cm)

Fig 3 Electron attachment coefficient rjIN aas a functiorn of IfN for C3 F, at the
gas pressures indicated in the figure

molecular gas possessing large resonant inelastic vibrataona scattering processes

at electror energies in the range 1-4 eV. allows one tc change the degree of the

tD- effect and the SIN range over .hict. it is observed (Christophorou and cco-
workers, 1979;. This abi~lt) tc tailor the gas mixture tc obtair, the 6esirer

effect ovre the appropriate 'iN range is essentia. ir. order to Opti.aize the Opera-

tin; conditions of the diffuse dIscr,arge IX the sMWIcI,

T;, peak values of v and the ElP va.ues at v.tct the- orru
r are plotted ir. Figs 9&

ar,- 9t respe:tive)l, as a tu.l:'io:. of the percertage of the aua:?'.ir,, gases Cf.
CFT and C.F ir. the bufrls gases Ar a&rd ife.4

. . t is ap~ .er." from these fi e"

a- ' Frgs S-E. theat gas smiztres coised of ; V! &r of these attaching

gases i r. Ar possess peak v val.ue& of .!;C' 5w s-1 i., e a, a-: concer, trations of

the attaching gas in Ch. the peak value of W is IC c s
- 1 or greater. Further

it is evident from these findings that b varyin; the concentration of the attach-
in; gas is. the buffer gas. the v(E!N: functions car. be choser to have maxim
values in the I/N range of 1-IC * IC- 1 ' V cal. vhic. is rougt.i% the range charac-

teristic of the coin6uctior. stage of the switck. It is seer. from Figs 4-9 that

the maximum of both r/N (W/N, and v(t,'N shifts to higher FK values as the con-

centratior of the attacRihg gas is increased The value of the mean electror,
energy (t ir. the mixture decreases with, Lncreasing attact.in; gas concentratior..
and as a conseqtence, the value of K/h whict corresponds to the near. energ 3 for

ASmU ta&Uy ej Ielx Ia
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ionizatior, coefficient, sip- Xs t-he "Erectlona:. conIaTrtratlor of C2F' Xr. the buffer
gas5" for the gab ,-XtFe& (S; C2FII&r and W C2F, C-4 The actua, parameer

measured ir. the alectror. ottechaert experxmert is (c 7 T rn) (xr, uni2ts of ca- I

This measurement car. be either normaled to the attect,.ing gas numsber 6ensit) W

wher, a _ - 0 to obta r, the normalized ttchment coefficient of attaching gas
onst2?uet of he ixture,ari t car. be normalzedl tc the total gs nutmber density

NT to find t-he effective ionizatiar, coefficient of the mixture as a whole

vhict v or r/N a maxix.ze xncreeaes This ai~lity to tailor tahe gas mixture tc
position, the akxmue ope-J" ] '- r rn/lp at given I/W values 0allow$, €onI der&Le freedow
in, designi ng th prat param~ers of the diffuse discharge sit~ches

DTIV M~easurements

h~easurements of D T/1w in, CF. O..nd CIF, in, buffer gates of Ch.4 and At have beer msade
ust-ng the D '/p apparatus at the hustralisr, National University (Crom;ptot arnd .or
2962) ]Preliminary analysis of the measurements 33 C2FI-t, gab mixtures has. be;.-
made , the r _/p date are giver, ir, Fig 10 These data along wit.t those or %.
rj/k . n d ( T * o _ )/p N r P ig s 3 a d 4 . w i.l l b e u s e d .r a bo l t r~ ari e rj at- o-

r-O~ys s o f the el ectror. m~o tio n. n these gas i x tures tc o bta ir. Iz, cr oat, or th e

electror. $catter~ng processes and the electror energy. distributior functio,. as a
functior, of E/K and g;as composi tior.

Breakdownrr field Strength Measurements

The high voltage dc uniforr field breakdown, strengt~h, (E!N) 1XV has beer measujred
n mxtures of the ttachng gses C2 F. nd CF$ in bffer gases of A, and O
(Chriatophorou and co-worker&, 2983). These measurements are giver. xr Fig 11 mard

3Jndcate that go mitures composed of 20% of C2F or CF , n r have (l!,,_
values "r excess of SOI  V € r2 and cat thus withstand thle voltagor Ieve chars:-

teristic of the topening ategR- of the swjtch, The C FsfC H4 and C3Fg/eCH4 mixtures
possess high. breakdow -, strengths over a wider (and lower) range of concentra*.ions

-o5p avaiable to DTIC does ad
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C2 'e./Ar

30Ct

0z ID -0 V D 5 5U

PERCENtAGE OF AMrACI ING GAS I1W KUFT GAS

Fig 11. (/N versus percentage of C1F, or
C2!, im the buffer gases &r or 01.4. The total
gas pressure was 108- kps at a temperature of

295 1. mc ultraviolet (UV) irradistion of the

electrode gap was made except for the C2 Ps/0I*
mixtures; as a result the (91N).. values for
CPs/C01 mixtures are -%5% lover ma they would

have been without DV Irradiation (Christophorou

and cc-workers, 1983).

of the attachin gas in 04 enabling a wider choice of gas mixtures to be made
while still maintaining higl, breakdown field strengths.

DISCUSS ION

&!I the gas mixtures discussed in this paper are considered to be good candidates

for diffuse discharge 6vitchin; applications This conclusior is supported by the

recent findings and interest (e.g Eetzinger, 1983a.t, byszevsk. and co-workers.
19b4 Runhardt. 19M4 Scherrer and cc-workers. 1984. Schoenrbac and co-worker&.

1984 in using the mixtures ir, actua . e-bea switching devices Bietznqe-

(1903ab) has shown that the current decay in the diffuse dischargr as dmnated

by reccit.,stior, processes at early t'mes and that the decay car be consade-ably

enhanced at later times by the addition of small amounts of the perfluoroalkanes

CF4,. C2 FG. and CsF s to the discharge. Knowledge of the nature and magnitude of
the recomination processes in the discharge, along with the gas ionizing

efficiency of the e-bear (which is a measure of V--the average energy required to

produce a positive ion-electron pair in the discharge) would be of considerable

value in modeling the temporal behavior of the electron conductivity 3n the dis-

charge. Measurements of these parameters and the decoqosition of the gas by the
extermal electron beam are currently in progress at the authors' laboratory. The
effects of gas beating am the electron transport and breakdovr, properties in the
discharge are also required and are also presently under investigation
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Studies of negative ion formation in fluoroethers and fluorosulphides using
low-energy (K 10 eV) electron beam and electron swarm techniques,"

S V Spvro, " S. R. Hunter,b and L G Chrts9prhorou '

.4hni,, .W,#'c-iao. and High Voltage Phyvsi, G-c up,..':- c'c SHe,;: Rese,''h D. 0 .,,, ,g,

.Naloron-. La o ato-). Oak Ridgc. Tennesse 3763;

iRece;' ed 13 June 1994, accepted 12 July 1984

i'he attachment of lou-en, rgy 1, 10 eV, electrons to four fluoroethers iCFOCF,. CF,OCF.H,
CF.HOCF-H and CF,OCH4 and two fluorosuiphides ICFSCF, and CFSCH, has been studied
using a time-of-flight mass spectrometer (TOFMS and a high pressure electron swarm technique
The relative cross sections as a function of incident electron energy for all observed anions were
measured b employing the former, and the total absolute electron attachment rate constants
were measured by employing the latter technique All six molecules %%ere found to attach
electron, dissociativehy. The types and relative intensities of the fragment anions depend strongly
on the number and relative positions of the F atoms in the molecule and on the presence of 0 or S
atoms in the molecule The fluorosulphides attach lo%%er energ electrons than do the
fluoroethers The magnitude of the total electron attachment rate constants increases with
increasing number of F atoms in the molecule The observed negative ions (in decreasing order of
intensit and the positions of the peak intensities Igisen in parentheses in eVi are F-15 31 and
CF,O-4.8 from CF)OCF.; CFO-i3.7. F-(5.7. HF 16 1;. CFO- (5 9,. and CF 16.71 from
CF.OCF,H: CF,0- 3.0 .HF- 14 .7 1, F- 5.0., and CFO-(4.9 from CF.HOCFH. F6.7i from
CFOCH.,: CFS-10.6! and F-3.81 from CFSCFI CFS- I - 0.0) from CFISCH., Energetic
considerations were employed to identifN possible fragmentation mechanisms of the negative ion
states 'NISs leading to the production of the observed fragment negative ions and to deduce
values for the electron affinities of the radicals CFO and CFS. CNDO /2 and MNDO molecular
orbital calculations were performed on all six molecules investigated in an effort to rationalize the
types, relati e intensities, and positions of the maxima in the cross sections of the observed anions.

i. INTRODUCTION ed filament is used to produce an electron beam with full

The study of the attachment of low-energy (0-10 eV) width at half-maximum (F-WHMI of -0.5 eV. With the re-

electrons to-the fluoroethers (CF3OCF 3 , CFOCF,H, tarding potential difference technique (R.PD) a quasimon-
CFHOCF2 H. and CF3 OCH,3  and fluorosulphides oenergetic electron beam is achieved whose FWHM is usual-
(CF.,SCF 3 and CF.SCH, is of basic and of practical interest. ly -0 12-0.15 eV. However, the intensities of the majority
These molecules are an attractive group to stud) the effect of of the anions in the present study were too low to allow
atomic substitution in the molecule on its electron attaching applicatior of the RPD method The energy resolution of the
properties In addition, since the electron attachment rate electron beam in the present experiment was assumed to be
constants for these molecules are pressure independent Ise approximately constant over the total range of electron ener-
Se, 111 B .the, provide a straightforward comparison of the gies ~-0-10 eV employed The shape of the electron beam
results obtained by the electron beam and by the electron energy distribution was monitored by observing the very
swarm techniques. From the practical point of vie%, the narro% (F'iHM- I0 mel", SF- "resonance %hich peaks at
omag'tude and energy dependence of the attachment rate -00 eV." The SF, gas was always admixed in the system
constants fo- CFOCF, and CFSCF, are such as to make with the gas under study To remove the effect of the broad
them good gas dielectrics, and also good electronegative gas- electron energy distribution on the measured relative cross
es to be used as additives in gas mixtures for diffuse--dis- sections an unfolding procedure" was employed, It was
charge switching applications." 2  found earlier" that by using this procedure the unfolded
1I. EXPERIMENTAL cross sections were comparable or narrower than those ob-

tained by application of the RPD technique (see Sec. lII;

Both the TOFMS and the electron swarm techniques compare data in Figs. I and 2, see also Fig 31
employed in the present study have been described previous- In the electron swarm experiment the determination of
ly le.g. see Refs. 3 and 4). In the TOFMS expenment a heat- the electron energy distribution function fie, E IN) and

hence the mean electron energy (e) is more complicated, as
Research sponsored by the Office of Health and Environmental Research it not only depends on E/N, but also on the gas under study.
ad the D~vt:in of Electric Energi System of the U S Department of Moreover, the electron energy distribution functions are ac-
Energy. unde' contraci DE-ACO5-W4OR2)400 vith Mantin Manetta En- carately known for only a fetw gases. In the present experi-
erg Systems Inc. and the Office ofN% a] Reeatrch under contract DOE ments the measurements were performed in both N and Ar
Nc, t0-120t
Also, Department of Physics. The Univerwi of Tennesse¢, Knoxville, buffer gases for which f i.E /. I are known over the range of
"ennes ,e 399t E/A .alues we used. The elastic and inelastic scattering
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cross sections in Ar and N. the numerical solution of the attaching gas number denst% in order to remove the effect of
&B'tzmannequation usedtoobtainf (eE/N)andtheaccura- the attaching gas on the electron energN distribution func-
c) of the re.ultant distribution functions used in this study tion This problem is more acute in Ar and can lead to large
ha,.e been previously described.' Small quantities of the at- uncertainties in the measured attachment rate constants
taching gas under stud) are mixed into these buffer gases at when these are small Isee Sec. III Bj.
such concentrations, that the addition of the attaching gas The present swarm measurements were performed at
does not affect the electron energy distribution function of room temperature i- 300 K) using high to-" pressures P, in
the buffer gas alone. When, however, the attaching gas did the range 0. 13 < P, < 1.0 MPa and over a mean electron en-
not attach electrons efficiently, a high concentration (up to ergy (c), which ranges from thermal energy (-0.04 eVj to

I part in Ui' of the attaching gas was required, and the - 1.0eV for N, and from 0.3 to4.8 eV for Ar. The measured
measurements were performed as a function of the partial electron attachment rate constants k. (E IN) and the buffer
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.'r e to, sme of th tm.nolules, 0dtd usmg theu.c unf- HN1if o."he obsersed maxjmz! n the negat.se ion intensi
i i p.,cdut: dct: 1opeU bN Christo-h;'ru, L, c.'  L ,. tT Ivs e plot, ari the app.arane onsets for the ob,,ered
and Ar aa buffc: gases.(- o , were.ohb'amed w in the rarijc, fragment anions are listed in Table 1 It is e% ident from these
of 0 (2- 5 atd ( 3- ,eV. resperI el. results that the type of amons. their relatise Intensity and

The gases CI- ()CF. CF OCF:H. and CF-HOCI : H the number and position of the resonance maxima in the
%kerz purihas.-d from PCR Research Chemical In, . with a relatise cross sections of the sarious anions depend strongl
quoied minimun puntN of 9'7'-Q9 The compounds on the number and relative positions of the F atoms in the
CF.OCH. and CFSCH, vere synthesized by Dr J L Ad- molecule The molecules with one or both of the methyl
cock of the Chemi,,tr- Department of the L'Untersit. ofTen- groups partiall] fluorinated form multiple fragment ions
nes.-et For CFSCF, two sampies %here used. onet was pur- more readily upon electron impact than those with methyl
chased from Armageddon Chemical Compan. and the other groups iontainmg atoms of onl. one type ieither H or Fi.
%%as prepared b\ Dr J L Adcock Impuritles in these com- Fise anions CCFO-. CFO-. CF; . HF:- . F-) and four an-
poundi were determined by the electron beam technique. the ions (CF,0- . CFO-, HF:-. and F- 1 have been observed.
effect of these impurities on thc ss arm measured electron respect.-e . for CFOCF.H and CF.HOCF,H The forma-
attahnent rate constant, ts discussed in Sec Ill B tion of CFO- and HF- requires multiple molecular frag-

mentation and the formation of CF.O- from CFHOCFH
III. RESULTS alc, requires strong rearrangement of the transient parent

A. Negative ion fragments anion For both molecules, the predominant ion is CF O
with the other anions having intensities up to 30 time, less

The present TOF mass spectrometric study has shown
that low-energy electrons attached dissociativelx to the than that of CF O On the other hand. for CFOCF, only
fluroether two ions ICFO- and F- I and for CF:OCH, only one ionparrenthe and the fluorosuphide molecules in-estgated F I ha% e been detected The ratio of the relative intensity of
No parent anions %%ere obser-Ned in an of these molec:ules Ft FO-i bu : o FC, osbeepaaF - to CFO- is about 2:1 for CF-40CF., A possible explana-

1. Fluoroethers tion of the absence tor extremel) weak intensity, of CF:O

The relative cross sections as a function of c for all the from CFOCH . is discussed in Sec. IV B
fragment anions observed from the four fluoroethers studied
are shown in Fig. 1. Each curve represents the average ofat 2 Fluorosulphides
least four sets of data. Each set of data was deconvoluted and The relative cross sections for negative ion formation as
the averages of the corresponding unfolded functions are a function of c for the fluorosulphides CF3SCF 3 and

TABLF I Negatise ions due tr Io%-energ election impact on CF,OCF,. CFOCFH CF:HOCF:H. and
CFOCH.

Obseved Energ. of maximum
nega:;ie Relative peak ion imensit. FW'HM' Appearance

M clecule in ion intensts leV teVI, onset leV"

CFOC-. CF O 5S0 4 , - C t1 1 5 25 - 01
F 1 " 5 00 1 F5 C:

OC(KF H CF 1[ 2r' 1 0 _ ( C' I (1 ( il-
- 2 2(- 03

CFO d , 0 1
5 ()0(15 (1-4 0.2.

CF d 31-0 1

35 67. 005 20 4F :0t
HF 125 61 005 24 3 70.2

F d I0 01
650 5",7 0C15 235 28 02

CF.HOCF.1H CF,O I 0(x 30-005 1.8 OQ-O1
CFO &i 4 Q : 005 l.9 2 - I
HF. d 1.0 :02

2S 47:005 225 26-.03
- d 17 02

2(C q 0 O05 2 75 2 8 - 0 2
CFOCH. F 50 2540 10 18 01

6 7. 01 25 4 .03

'FuP ,idth a: hat.maxint u: of th, r pe,.c-:sc vin inter:nsit% a a function of eteetror) energ%

'The energN scale cahhra,wr Aa, made ung SF, and taking for the SF, /SF, resnance the value of O 3' eV
iRe 7 The : refer, t the standard deviation from the aserage

' 5 alue, loie- ae fr+rr the unf 'd-d data
'I nreis.'ed peak O'nts the arpeaan.( ,nwei a% riled to, these peaks i

t listed in the table

rho- Ph,/s V- Al IW I() I SI P.4
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c • • :FIG 4 Totalt electron attachment rate constants Ao for the fluoroethers andi
* f*.l uorosulphides measured as a function of mean electron energy (e) in both

[ /. / Ar and N: buffer gases

Ac , , ,ch

CFO- in CF OCF3 ; also whereas for CFIOCH3 . F- is the
ELECTRON ENERGY e (eV only anion which has been observed in this study', for

FIG 3 Negative ion intensit. as a function of electron energ. C +open sym- CF3 SCH3 , F - was not observed at all.
hots nonunfolded. solid symbols unfolded dat,,; for (a1 CFSCF3 , (b;
CFSCH.

CF.ISCH1 are shown in Fig. 3. The relative peak intensities, B. Total electron attachment rate conatanta
energy of maximum ion intensity, FWHM of the ion reson- In Fig. 4 are shown the ko ((e)) for all the fluoroethers
ances, and the appearance onsets for each observed negative and fluorosulphides measured in the swarm study using Ar
ion are summarized tn Table II. The types of anions observed as a buffer gas. Also shown in Fig. 4 are the ko ( (e)) for the

O]are analogous to the corresponding fluoroethers, i.e., CF1 S - fluorosulphides using N2 as a buffer gas These two sets of
and F- from CFSCFI and CFIS- from CF3 SCH,. There is, measurements are listed, respetively, in Tables II1 and IV.
however, a rather large difference in the relative intensities Between 6 and 12 independent sets of measurements were
of these anions and the positions of the resonance maxima as made for each of the attaching gases in each of the buffer

*compared to those for the fluoroethers. For the fluorosul- gases. When the k, (E /N j were found to depend on the par-
phides the predominant anion is CFS - peaking at 0.6 eV for *tial attaching gas number density A"A [as was the case for all

*CFSCF: and at thermal energies for CF ISCHV. in contrast. the attaching gas/argon buffer gas mixtures. e.g.. see Figs
for the fluoroether CFOCF_ , the CF O- ion peaks at 4.8 eV 5ia and 5(b) for the dependence of L.+ IE/N I on the partial
and the F - ion at 5.3 eV and for CF OCH . the F - ion peaks concentration of CFISCF., and CFOCF,. respectivels, in

*at 6. 'eV For CF,SCF the F- ion current is 300 times less argon] the measured k, as a function of A at a fixed total
intense than CFS -. while F- is almost twice as intense as pressure was extrapolated to zero concentration The values

0W

TABLE II Negative ion, due to low,.energs electron impact on CF,SCF3 , and CF,SCH,

Energy of
Observed maximum
negative Relative peak ion rntenist) 1-WHM" Apipearance

Molecule ion ion intenlsits eV) (eVI' onse eVI'

cFSCF, CF S I(X 0.e 05 07 -0
F 3 3.81±.0.1 1.5 2. 9± 0.1

CF3SCH, CF,S - 10003 -0 0.7

"Full width at half-maximum of the respectise ion intensity) as a function of electron energy
'he energy scale calibraton was made u4ing SFe and taking for the SFc /SF rnantncek the value of0.37 eV

(Ref 7) The ±1e refers to the standard deviation from the averWe
0 alues hlsted are from the unfolded daf(

J CheT a Phys, Vol 8,No 10, 15 Novearrt*, 1984

CFSH ar shw in Fig 3.ii Th reatv peak. intensities, .
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021 00 0153 5
1024F 011 0 16 23
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0.931 C 327 04 1.41
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1 55 043 145 13t

1 86 0555 1 54 1.33
2 1- 0 60,1 1.59 1.32
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7'7 0911 1.17 .L11
9.31 0938 I 11
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of k iE/Nl at .N, -.0 were taken to be those that would be The overall accuracy of the k. (E IN I measurements in
measured had f (e,(c))been characteristic of the pure buffer CF1 SCF, and CF 3OCF3 is expected to be - 5%-7 . (See
gas. Ref. 4 for the sources and estimates of error in this experi-

The sample CF.SCH, was found in the TOFMS study ment.) For the remaining molecules in this study. the overall
to contain a small amount of a chlorine-containing impurity accuracy of the measured rate constants decreases as the
which produced Cl- when subjected to low-energy ie < 10 magnitude of the electron attachment rate constant de-
eV electron impact. The Cl- signa! was -20% as intense creases, such that for CFSCH, and CFOCFH, the esti-
and had approximatels the same energy dependence as the mated uncernaintN is - 10%-I 5%. and for CFHOCF.H
CFS- signal produced by dissociative attachment to the and CFOCH, - 20% This increased uncertainty is mainl
CFSCH. molecule Attempts to remove this impurit due to an increased statistical inaccuracN in the measure-
1which was estimated to be < 1% of sample, by gas chroma- ments when the rate constants are small and also possibie
tograph% -mass spectrometr methods failed ConsequentlN, influences of the attaching ga on the electron energ) distn-
it is estimated that the measured k. (E IN in the swarm bution function in the gas mixtures compared to those in the
study may be - 20% too large for this compound due to the pure buffer gas, due to the necessitN of using relativel) high
presence of the Cl - impurit) ion. The compound CFSCF. (up to one part in 10'I concentrations of the attaching gas in
was also found in the TOFMS stud)N to contain small the Ar buffer gas. It appears that errors from these sources
amounts of a chlorine-containing impurity and perhaps also restrict this technique to the study of electron attachment
F2, which produced small Cl- and F- signals, respectively, processes in molecules whose k. (E IN) have peak values of

both peaking at -0 eV. The contribution to the total elec- > 10 '- cm using Ar as a buffer gas, and > 10 '

tron attachment from these impurities was estimated to be cm' s- using N: as the buffer gas.
< 1% of the total negative ion production and thus their The measured total electron attachment rate constants
effect on the measured ko (E/N) values in CFSCF, is ex- have been found to be independent of the total gas pressure
pected to be negligible except at thermal energies All the P, for all the compounds in the present study. indicating
negative ions we observed in the electron impact studies of that dissociative electron attachment processes are responsi-
the fluoroethers were identified as fragment ions of the par- ble for the observed electron attachment in these molecules
ent molecules and thus impurity problems should not affect This is in contrast to our recent measurements in the per-
the K IE/N, measurements in these compounds. fluoroalkanes.' where the measured k,,IE/N depended
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FIG. S Total electron attachment rate constants k, for la) CFSCF , and fbI CFOCF. in argon plotted as a function of the ratio of the attachng gtas number
densaty N' to the total gas number densat) N7 at sev'eral v'aiues of the mean electron energy. (tv).
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th ),. molecule, at th, presure, used in thes ex-weriments
a, predomrinantlN bn\ paten: ncg.n:e tIot. stabihzatir; J f o f i f.E /N d l

From the results presented in Fig 4 it is apparent that in- \ "
creasing the F subtitution in both the fluoroether,, and the A here /" '\4 is tht normalized electron attachment coeff,-
fluorosulphides in.reases the rate of electron attachment cieat. u'.E /.Nj is the electron dnft %elocit\. m is the electron
Furthermore. the fluoroethers predminantl. attach ele+- mass, and fiEiN I is the electron energ distribution at
tron, at higher energies than do the fluorosulphides This each E/N value normalized b\
ob,,eration Is again ir agreement with the measurements of

* the TOFMS stud% presented in the preious section J fi.E, , /A = 1

If bo+th k(E/', and f i.E/A' are known over a w6ide
C. Swarm unfolded total electron attachment cross range of E/N values, then oole) can be determined over a
sections wide range of electron energies using the swarm unfolding

The measured total electron attachment rate constants technique.' The k IE iN I we used in Eq. (1 i are those ob-
A, E /N are related to the total electron attachment cross tamed by extrapolating the measured attachment rate con-
section -, ict b\ stants to zero concentration of the attaching gas. so that it is

TABLE N Sarm unfolded electror attachrmen icross stions C, f, fo7 the M uoroethen, and the fiuorosulphides obtained b unfolding the A, (E /A' data i-.
N, and in Ar

CFOCFj C :H CFH CFSCF.' CF,SCH.' CF SCFJ CFSCH
t\V, 110 ,Cm_, 10- " cm-, 10- cril 110 'cm:' teV 110-' C l IIo- 11 CnM ,

:25 0)" 1 IQ 0..34 003 1.23 5.0
10 008 1 33 0.2Q 0.4 1.24 3.9

0 35 0CI 1 78 025 0.05 1.05 23
0 4 0OQ 2 33 0.2 006 0.90 1.62
05 0 14 400 0 2Q 00' 0.80 1.22
06 0.20 6.30 0.30 0.08 0.73 0.99
07 0.28 6 55 0.30 0.09 0.70 0.84
0 8 0.36 4.83 0.28 0 I0 0.68 076
0Q 044 3 10 0.25 012 068 0.64
10 051 1.93 022 014 070 05'7
II 053 120 01( 0,1 073 0.51
1 2 049 075 0.17 015 078 044
1 3 041 048 0 15 0.20 0.83 042
1 4 6.32 0 32 010 025 1.04 0.35
15 0.26 0.22 0.04 030 1.32 031

0.21 0 157 035 1.13 02Q
01) O115 04 2.66 02,

I 01i 00 "' 05 5.21 030
I0 01 0056 0" "' 031

2 ! (; L O 5 0 5 30 0.20
-O i C03 3 18 0.24

2" (01t. C ; ( (:32 I 055 01

30 G cO2 0032 12 0.3" 014
3 0018 IC, 0034 1 3 013 011

3.6 0055 1 28 0035 1 4 004 00840 021 1 41 0036 1 5 001 0.06
4 5 064 143 0035
50 108 14" 0034
5 5 1 24 1 .O 0034
6(1 1 14 1 41 0033
-5 09o2 1 20 0032
,0 069 0 93 0030
7.5 0.51 071 0.02F
80 0 37 C 55 0025
F 5 02'1 045 0022
9) 020 040 0019
95 0 15 0.37 0017
100 0.11 035 0014

*tL'%n F/." in Ar
"Lsin ,. E/A, in N.
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Im- silarn unfAded a, c fo' CF ()Cf. arc ditlererc ma'N b, )o:. dcisnrnnanon e cs in our miss,
CF QeCF H 17, A7 are listed In I atlt.~~?Car 'tdi it cr~r~i StUd' s~nc the dete.ction fcec in tirit
Fig, b and 7,res pe~tioel Atachrmei *, sec:tions fo TOF-MS stud% ma' \ar\ with the mass of the negative ion.
CF 'HOCF-f and CFO0CH. are no, as it ha> bee,. and more signrficantl\ with the translational energ) of the
found that the k. E A %a~ues for these tA m,,!-cules, art: fragment anions, and since seseral of the negati\se ions pro-

tsrliand thus too uncentain to gi% cstablt arid reproclu, - duc ed h\ dissoc.ratr'et attachment to thest molecules posses's
ible unfolded v alues of a. ic . The reasons are that the statisti- excess energy up to setveral eV. see Table VII), the detection
Cal sc:atter in the k *E 'N' values is considerabl\ larger efficijenc% of the TOFNIS apparatus may decline with the
I -201'. than for CFOCF, !5§~c-"'% aind CFO,,CF-H amount of translational energy possessed b) the negative
,IOc-l5 -I .and sinc:e it was necessary to use comnparati\sel\ ion. leading to a reduction in the measured total cross sec-
hgh concentrations of the actachinE gas in the buffer gas 'up tions
to one part in 10"f it is possible that the effect of the attaching The unfcilded attachment cross section functions ar ici
gas on the elec:tron energy distribution functions has not for CFSCF, obtained from the measurements of 4 tE /N;
been completel,. rerno--ed bN extrapolating k, to NA -0 see in Ar and N- buffer gases are listed in Table V and are plotted
Sec 11, in Fig 8 along with the normalized tota. negative ion cross

The total cross sections for negative ion formation fo7 section obtained in the TOFMS stud,, Considerable effort
CFX,)CF, and CFOCF-H ob-ained in the TOEMS stud-, was expended in the present study to obtain as accurate
ar e Ialso' g;" en in Fig% t, and7. respectively. normalhzed to the kI ',N, %alues as possible for CF ,SCF.- in both the Ar and
peak of the swkarm unfolde ctcabesnththrei N, buffer gases in order to facilitate a comparison between

a fair agreement between the peal. positions and the half- the two unfolded cross sections obtained using the two buffer
*widths of the mator negatise ion resonanc:es for these two gases and that obtained in the TOFMS study,. It can be seen

molecules, but there are differences in the cross section mag- in Fig. 8 that there is good general agreement between the
nitUdes. particularlsN at the higher energies. %here the high swarm unfolded cross sections with regard to the peak posi-
energy tail of the swarm unfolded crossections is consider- tion. and half-wiidth of the negatis e ion resonance. While the

ably larger than thos;c obtained in the TOFMS stud% A simi- agreement in the overall magnitude of the cross section de-
lar trend has beer noted between the s% arm unfolded cross rit.ed from the electron attachment measurements in N, and
sections and the TUFMS results for the per-fluoroalkanes." It Ar is within the combined estimated uncertainty i-10%) of
seems unlikely that errors in the scattering cross sections the s'~arrn unfolded cross sections, the difference in the two
used to obtain f it X IN) at higher energies iwe., E > 4eV) in cross section functions appears to be real, and is thought to
Ar can account for the difference in the peak positions and be primarily due to differences in the accuracy of the distri-

bution functions used to unfold the k. (E .iN data in Ar and
_________ ______N, It is expected that the distribution functions in Ar are

14~--- more accurate than those of N, in this energy range due to
E- YWAPM UNFOI-DED

1.2 UROS S&)7l0 ONOF ___

1A

C-

C-

C.., I

04 C:- C

CC

04 04 ' C-

S02- 04

C2:

oL Ue co &D aC 101Ca
ELEE ECTRO ENERGY E (e ) 0

FIG 6 Sv6arm Unfi~ded total electron aitachment rs~ section o, lc for
CF,OCF, in comipansorr with the toit negative ion cross ectior obtained FIGj 7 S~arrn unfolded totat electron attahmren, cromss tioe o~w for

*in tac TOFMS stud~ The TOFMS stud crovs %,ectior has beer normalized CFOCF 'H in comparison. with the total regati~e ion crossseion obtained
to the peak in the unfolded cros section in the TOFMS stud%
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SF-- D ,:). IV. DISCUSSION
4 A. Energetlcs of dissociative electron attachment

. • ~A - processes and thermochemical data
FLAM ZWO) T

For a reaction of the form

e+ PX--R +X-, (31

the energy balance equations of interest are

A AH, = AHAR) -+ AH4X) - E.A.(X - .4H-I RXj, (4)

,- AOX = iH,-.-E', 5Iz

_, . - -- , AO i-) = D(R-XI - E.A.IX I + E, (61

- ~ : vwhere AH. is the heat of the reaction. AH(Ri. 4HAX!. and
• ' . , o, : -.HrRXi are the heats offormation ofR, X. and RX. respec-

tivel,, E.A.AX) is the electron affinity of X, AOX- is the

FIG S S%,arr unfiJec tora: electror a!t:ahrnen: :rYS sectior r i, 4 fx appearance onset of X . D IR-XI is the bond dissociation
CFSCF a, le% e)etx-ror energie using N. and A- as buffer ga,. irrr ca energy of RX, and E * is the excess energy of the reaction
par-,ir wi:r the tota neptie ior. cross se;uor, obtaired ir th- TOFNIS comprised of the internal energ) of excitation and the total
scud) translational energy of the fragments.

We used Eqs. 14i6 and the thermochemical data in

the close agreement between the experimental and calculat- Table VI literature data or data derived in the present study)

ed transprt data in Ar in general < I )than in N-i 5, . to identify possible dissociative attachment processes lead-

and unce-tainties in the accuracN of the "two term** Boltz- ing to the formation of the observed negative ions. The pro-

mann solution at higher mean energies ' The agreement posed fragmentation processes along with the respective es-

between the peak position obtained from the swarm unfold- timated heats of reaction are summarized in Tables VII and

ed crGalE cross sections and that obtained by the TOFMS VIII Several remarks concerning the information in Table

study is good, but the half widths in the resonance of the VII can be made

swarm unfolded a.( w cross sections are smaller than those (iI Some of the observed anions (CFO- and HF;) can

obtained in the TOFMS study. This difference is possibly only be produced indirectly in multiple-fragment reactions

due to the fact that the electron energy distribution functions accompanied by intramolecular atomic rearrangement

used in the swarm unfolding are known more accurately within the transient anion. In many cases, on the basis of

than the distribution function used in the unfolding of the energetic considerations, we attribute to multiple-fragment

beam data (see Sec 11, reactions even the formation of the anions F- and CF3 ,

The present study. along with the previous one on the which can be produced via direct two-fragment reactions.

perfluoroalkanes,' enables us to draa the following conclu- (lip In all cases only reactions with 4H, lying below the

sions regarding the accuracy of the attachment cross sec- corresponding AO of the negative ion have been listed in

tions obtained using the sv arm unfolding technique When Table VII. A comparison of the respective,41H, and AO [Eq

the peak values ofi .iE/N i are > 10- "' cm s- ' then the (5!] shows that most of the processes describing the forma-

peak position. peak value, and half-width of the resultant tion of the amons from the fluoroethers are characterized bv

su arm unfoiJ-id attachment cross sections are determined to considerable excess energ. (see last column of Table VII]

within an estimated uncertaint of - 107t, provided the iui, The energy dependences of the relative cross sec-

peak in the attachment cross section lies within the mean tions of the various anions produced from the four fluor-

energy range conered by the experiment. When the k, E/ i oethers iFigs I and 2) suggest that there may be two NISs for

values peak at mean energies which lie at the highest or just each molecule--one below and another above 3 eV. For the

beyond the highest mean energy values for which the mea- symmetric molecule CFOCF the two states are degener-

surements were made e.g., CF.1OCF, and CFOCF2 H in the ate, while for the asymmetric molecule CF,OCF2H there is
present study and CF4 in the previous study4 , the resonance an indication of a third low-lying (at - I eVj NIS. The first

can still be resolved, but with an increased uncertainty NIS leads mostly to the production of CF ,O- (this anion

(-20% r When the k.(E/N) peak values are in the range was not observed for CF,OCH3 ) and its position shifts to

lo- II <ka.E/N)< 10- 1cm' s - ,the statistical uncertain -  higher energies with increasing number ofF atoms in the

ty in the measurements also leads to an increased overall molecule. A similar observation can be made for the two

uncertaintN in the unfolded a. (Wi cross section of - 2017-. fluorosulphides studied. In Fig 9 are summarized the ener-

For k. (E/N! values below 10- " cm' s - , the statistical un- g) dependence of the relative cross sections for CF.0- and

certainty in the data and the unknown influences [since in CFS- produced, respectively, from the fluoroether and
these cases high concentrations have to be used (up to one fluorosulphide molecules in this study. The formation of an-

part in 10 , of the attaching gas on the electron energy distri- ions via the high-energy NIS of the fluoroethers studied is

bution fun:nons of the buffer gas do not allow accurate, generaly accompanied by release of excess energy. How-

j C"-r Pttvs ,Vol 81 Nn I C 15 Nova"t,e1984



T~~klqL.E~~~ V7Trmbe ad'

i al .r e\ \alu, vt r\
Quar.: arJ r n ()antt', ar referer,.'

HF 0 $2," H COF,-

JH2 5' 4,.CHF, - 221

.3HiCF 2 6' ,311 CHF - 4 C'

4H.. CO - 1.15, JH;'CF,, -9 5s

IH ,FO I 13 04' ,.H,CFO 66"

idHHF - 2 82' D iF,C- [ 3% = 0.4]'
IHAHF, [ - 2HCFOCF, [ - 15.4 j 0.4], - 15.5"

, HjCFH 1.3 = 0.3' 6H4CF,OCFH - 5 04), - 13 44

AHACFO - 1 78 0.65' i1H!tCFHOCF2H [ - 11.3 0 4], - 11.31'

4HAHOFI - 1.02' AHACFOCH, - 9 0 + 04] - 9.0:

JH,1CH,, 1.51, E.A.IF 345

4H,-ICHF: - 3.04' E.A.CFi 2.1'

.IHACH.F -03 E.A;HF- 30

dHACHFO, - 39' EAACFO 27.31

D(F,C-F 5.3 = 0.

* Reference II

'Reference 12

This and all other values enclosed in brackets have been estimated using the data in this table as described in the footnotes of the table The H,4HF,,. for

* example, was found using HF.-.HF - F and Eq. 4 ! and assuming that 4H, = D HF-Fc_-O eV. since HF- is an unstable system, being detected onls as a

negative ion (Ref 13)
'Obtained using CFOF--CF3O + F and Eq. (4! with .4H,= DiCF O-F = 1.9eV Ref 14 and iHACFOF = - 7eV iRef 15.
'Obtained using CF,OF-.CF, - OF and Eq 4 with DiCF-OF! = .H,

'Obtained using CFOCF,-.CF, + OCF, and Eq i4 with 4,. = D F,C-O = 39 - 0 4 eV This and all subsequent values enclosed in parentheses are the

results of MNDO calculations isee Sec IV B..
'Ob ained using CFOCFH-CFH + OCF, and Eq 14, with 4H. ' D(F.HC--O 3.Q - 04 eV
'Obtained using CFHOCFH-.CFH - 0 -.- CFH and Eq 14, with 1H, = 2D(FHC-Oi = 7.8 -0.4 eV.

'Obtained using CFOCH.-CH -t OCF, and Eq 4 with 4H, = D(HC - O = 3.9 ± 04 eV.

Reference 16.
Reference 17.

'References I 8al and I Mlb,. respectivel)

'Reference 3

ever, when the precursor of those fragment anions is the low- types, relative intensities, and energy positions of the various

energy NIS, the anions are generally formed with no excess anions we observed, we have performed CNDO/2 and

energy. MNDO molecular orbital calculations using the codes de-

(iv) The negative ion cross section functions for many of scribed, respectivel), by Pople and Bevendge 1 and Tiuel 2,

the anions observed from the fluoroethers studied exhibit Such semiempincal calculations are of limited value, espe-

two (or more: maxima. We were not always able to attribute ciall) when applied to disociatie electron attachment pro-

these maxima to separate NISs with different asymptotic cesses Dissociatise attachment it molecules ts envisioned

limits (see Table VII). Thus the formation of CFO-, fe g , see Ref 25 to take place in two steps a %er- fast

CFO-. and CF; from CF OCFH. and F- from - 10- " s initial step where the electror is captured b. the

CF:HOCFH and CFOCH, at both of their maxima are neutral molecule to form a transiev parent negative ion in a

interpreted (see footnoted in Table VII; as originating from verical transition and a later step v here the transient anion

two separate NISs which, however, converge to the same either loses the electron b., auti,urea,hment or it dissociates

asymptotic limit. However, we could not explain the loA- moving along a dissociative potentida energ, curve (surface)

energy peak of HF- from CFHOCFZH. Obviously the semiempirical cal. ulations relate onl) to the

Iv, From the energetics described in Tables VII and first step and can provide information on: (i) the energie, of

VIII we estimated the E.A of the radicals CF,O and CFS the virtual (empty) molecular orbitals; and (ii) the charge

(see the last column of these tables) The values derived from densitt distributions in the neutral molecules and respective

the various molecules of the present st udy shos good consis- transient parent negative ions Using Koopmans' theorem',

tency. Also the average (3,6eV E.A value ofCF,Oobtained we assumed the energies of the first and second negative ion

is in good agreement with a MNDO calculated E A value states NIS,, to he gisen, respectivelb, bN the energies of the

(3.86 eV " ) of this radical. first and second virtual orbitals Both the CNDO'2 and
MNDO calcuiations did sho%% that the orbital energies of the
fluorosulphtdes are much louer than those of the analogous

B, CNDO'2 and MNDX molecular orbital calculations fluoroethers This is consstent with the expenmental find-

In addition to the energetic considerations described in ing that the NISs of the fluorosulphides lie lower than those

Se IV A, in our effort to rationalize our findings on the of the corresponding fluoroethers The relation between the



4/ "Thermxchernr.a data dedu.e,'

Ior. ,e
,  Rea.:-. C\ 1eV

CF,O 2. 5.OI e- CF,(7F--CFO -CF. 0Ft05 = 2-t

020 1 e CF)OCF,H -CFO --CF:H W13 05 EA CFO3"C 0 ' 13.,9. 38e

20- 03 ---CF,O- -CF:H 
'  103-05 F * = I ',0 8

0q 01 e -, CF:HOCFH--CF ,O - CH:F (0F:04 E A ICF,O..,3 5 -'

F- 3.5 02 e . CF,OCF,-F - CF, -. OCF, 1.2 _04 E 2.3:= Ob
-F - CFOCF [1 85 - 0 1) E* = 165 03

l.0 01 e- CF,C)CF:H-F - COF:- CF.H 1.2 t04

28±02 -F- - CF,OCFH [1 85:01] E* =095 03
1"7 02 e-CF:HOCF:H--F- -CFHO-CF.H !7-04

-F CFHOCFH [1 85 - 0 11

28 t 0.2 -F- iCFHOCF.,H' E
* 
= 095 -0.3

18:01 e- CFOCH .-F - CH;- OCF. 1 25 04

-F- CF:OCH [; 8! 01)

47-0.3 -F iCF.OCH;', El 285 04

CFO 28:01 e - CF,OCF:H--CFO -CF,- HF 0 5  
1 1E l.8-1I

-- CFO CF, - H 14- E = 1.4 :1
---CFO- -CHF.- F 23 E =05 1

40- 0 -- CFO - CHFF E - 1
2" e-CF.HOCFH -CFO -CHF- HF 0£ 2

-- CFO - CHF,- H I tE" = l 3 1

-- CFO- - CHF: -F 27 ?-- I

HF; 37=02 e-Ct-,OCF:H HF * CO CF, 24-0A E * 13:0

1.0 - 02 e - CFHOCFH-HF, I
26C-0.3 HF; - CO -CF:H 21- 04

CF. 31-01 e- CF,OCFH-CF -CFHO [18_04) E' , 13.0.

-- CF, -CFO -HF 1.85-1 f * = 1 25- 1

4.8 - 0 1 -CF. -, CF.HOc E
° 
= 3

'Heat of reaction determined using Eq 14 and thr data of Table VI Values in parentheses were obtained using Eq 4,. the data of Table VI, and
E.A.tCF O = 36 eV Value, in brackets were found from Eqs f5: and 16 and the data in Table V]

'Excess energ) determined from Eq f5!

'Electron alfinity determined from Eq 16 using DiF,CO--CFH = 3.9 ± 0.4 eV (Tabic Vl1 It was assumed that E*>0 eV The first two numbers in

pa*enthes' are value, found. re-spe-ttSel from Refs 19 and 20 The third number tis the result of MNDO calculations (Ref 211
0 
An) fragmentation of these radicals different from those already shown for the lower energN peak; would lead tod H. values higher than the AO The E
value listed refers to tha! propos. ed reaction for the lo.-energ) peak for which AH, is closest to the AO of the high-energy peak

Electron affinai dete-mtned from Eqs 14 and ,5 using the data in Table VI and assuming that E *,0 eV

observed positions of the NISs and the calculated orbital cue and its corresponding transient parent negative ion were

energies was better for the fluoroethers than for the fluoro- also calculated by both methods and the differences between

sulphides In Fig 10 we compare the measured NIS peak these distributions %ere used to find hou the attached dec-

positions and the first two MNDO virtual orbital energies tron's charge is distributed in the molecule The calculations

for the fluoroethers A broad correlation bet%%een the expert- again showi.ed a distinct difference between the fluoroether
menta! p"itionl f thc NIS, and the MNDO orbital energies and fluorosulphide molecules in the wa% the charge of the

is e% iden t The CNDO C calcuka: onm hr,' cr. :h- rv'.ults attached electron is dtstributed in the molecule For the

of %%hich are not shAr in the figure did not clearly sho" fluorosulphide transient anions - 50c of the electron's
an such correlation Lharge is localized in the S atom This suggests that the

The charge densit% distbutions for each neutral mole- CF3S - formation from either CF3SCF., or CFSCH. is asso-

TABLE VIII Pc*sible disstciatise attachment processcn leading to the formation of CF,S and F from CFSCF. and F- from CF-SCH,

AO JH. Thermochemical data deduced

lon leV. Reaction leVi leVi

CF'S 0 e -. CF,SCF,-.CFS- +CF, a E.A.(CFS1,3.2
t (i.8

0 e - CFSCH,-.CF.S + CH, a EA.(CFSa 3.2'

F 1 9 e - CFSCF,-F- + CF.SCF, 1.35 ± 0.1

A value <0 eV. i.e., equal to or lems thar the corresponding AO can be assigned to these reactions
Electron affinity determined from Eq (6! and assurrung that the dimsoction energy DICF.S-CF i ts equal to DICHS--CHi = 3 17 eV (Ref 221

'Reference 19
'H".' of reaction determined from Eq (61 using D F-CFSCFi = 5 3 ± 0 eV (Ref 3; and E A (F = 3 45 e% Table VI1. and assumuing E 0>0 eV
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CF P1 s ' : r,: fi, ,t-j a, al, tla, I: %ka. rio: d-

t- K ClT aqC'H": CYA7.?I '-V2HO0.,2P c3cr C H CY30-CYr-" " .V. CONCLUSIONS

It this stud% we ha~e measured the total absolute at-
tachment rate constants k. N , and densed from them

the total absolute attachment cross sections a. 1e. and mea-
t. sured the relative cross sections as a function of incident

electron energ. for all anions observed in low-energy elec-
tron collisions with the fluoroethers CFOCF., CFOCF.H,

- CF.HOCF,H, and CF,OCH , and the fluorosulphides

LC
.\ CF,SCF, and CFSCH) From these results, we have found

< t that

z/i Substitution of the 0 atom in the fluoroethers studied
.b S increase, the magnitude of the electron attachment rate

2 3 4 5 6 ? constants of these molecules. Furthermore, it significantl%
ELECTRON VERSY I (eV) lower- the energy positions of the NISs. so that the fluorosul-

FIG Negat"e -,(r itensi: , a functior ofeectrFn eSerp for CFC pFides attach lower energy electrons than do the corre-
f ro rr CF i0.F , CF ,(k.F h-- CF.H0K'FH and CF,S -fromn cr,SCF,, sonm urotr.

CFS(Hf Substitution of H by F atoms in both of the fluor-

oethers and fluorosulphides substantially increases (by two
ciated preferentiall. with the S atom and may explain our to three orders of magnitude, the magnitude of the electron
observation that for CFSCF: the CFS - ion is - 300 times attachment rate constant. Also, the number and relative po-
stronger than F-. and that for CFSCH 3 the F- was not sition of the F atoms in the molecule strongly affect the de-
formed or was so weak as not to be detected On the other gree of rearrangement and subsequent fragmentation of the
hand. for the fluoroether molecules the attached electron's transient parent negative ion The transient parent anions of
charge spreads esenl, over the entire molecule This is con- fluoroethers having one or both partially fluorinated methyl
sistent with the experimental result that for the to mole- groups, e.g.. CFOCFH and CFHOCF2H) extensively
cules CF:OCFH and CF2HOCF.H, negative ions have rearrange themselves and multiply fragment, in contrast to

been obsersed whose formation implies considerable rear- the transient anions of the molecules CF 3OCF, and
rangement of their transient parent negative ions. For the CFjOCH 3 in which the methyl groups contain either only H
molecules CF3OCF. and CFOCH: the dissociation is direct or only F atoms.
and the formation of F- is favored over the formation of (iiii Simple molecular orbital calculations have shown
CF:O- for the reason that the electron, once captured, has a that in the case of the fluorosulphides CF.SCF, and
statisticaily higher probabilit% of being found on an F atom. CFSCH, a large fraction of the attached electron's charge
This is consistent with the observation that for CF3OCF, the becomes localized to the S atom, thus leading predominantly
F- is twice as strong as CF:O-, while for CFOCH,. to the formation of negative ion fragments containing S. In

the case of the fluoroethers, however, no such localization of
the extra electron to any particular atom was indicated

!.!' ,:S 11 orbt 04 In addition, the E.A values for the radicals CF,.O and
n> NI2 rd n ! orbita. CFS have been determined and energetic considerations

were employed to identif, possible fragmentation mecha-
0 nisms of the NISs leading to the production of all observed

ragment anions
From the practical point of vies, the energy depen-

,42 dence of k, iE IN I for CFOCF. and CFSCF, is appropri-
.5 ate for gases and gas mixtures for use in diffuse discharge
C63 opening switches where it is desirable for the diffuse dis-

- "charge to have high conductivity, and thus lo% electron at-

2 CF3OCF3  tachment during the conducting state i.e.. lowE/Ni)and lo
2 c2 ocr H conductivity and high attachment during the opening stage

Cr 3 CF2 HOCF2 H tie., high E /N ) ' Both CFOCF, and CFSCF, have
4" t cr3ocw high uniform field breakdown strength equal to 0.9" and

1.35' ° times that of SF, respectively.

MNDO ORBITAL ENERGY (eV) ACKNOWLEDGMENT

FIG 10 Mea.ured negative ot, resonance state peak positionk vs MNDOe
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Effect of temperature or. tie c~ssc::at:ve eiectron attachment to CCiF-

and C2F 6
a

S. M. Spyroub) and L. G. Christophoroub)

Atomic, Molecular and High Voltage Physics Group, Hea2th and Safety
Research Division, Oak Ridge Nationa Laboratory, Oak Ridge, Tennessee 3783$'

ABSTRACT

The total electron attachmert rate constant, k a.t.') for CCiF and C F
a 3 2 6

has been measured using an electron swarm technique in the mean electron

energy range 0.41 to 4.81 eV and over the range of temperature, T, from

300 to 750 K. At each value of T the total electron attachment cross

section c (E) was determined from the measured k (<E.>) usinc the swarma a -

unfolding technique and was compared with the results of a mass

spectrometric study. The a (f) for C2F6 shows a single peak (due to F

and CF ) which shifts from 3.9 eV at 300 K to ^-3.3 eV at 750 K. (The
3

onset shifts co-re c.ndinalv from 2.3 to 1.5 eV.) For CCF 3 the a (E) shows

two peaks: at -1.5 eV (due to Cf ) and at -4.7 eV (due to Cf , F

CC£F and CQF ). The peak at '1 .5 eV is especially sensitive to changes
I2'

ir r. The pena vie of ( 7r) increased by a factor of 13, and the energy

pos, -ton of the peak and onset shifted to progress-,vely lower energies when

T increased from 33$ to 7$' V. The analysis of these results led us to

conclude that the changes in k (<F.-) and oa () for the dissociativea a

attachment processes of these molecules with increasing T result from

a)Research sponsored by the Division of Electric Energy Systems and the
,ffice of Health and Environmental Research, U.S. Department of Energy,

4 under contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.,
and the Office of Naval Research under contract DOE No. 40-1246-82.

b)Also Department of Physics, The University of Tennessee, Knoxville,

Tennessee 37996.
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the icrease witb 7 of the tota: internal v I:at or, a') eregc of tr, e

mclecule

1. INTRODUCTION

The stud%, of the effects of temperature or, electron attachment to

molecules is of intrinsic as well as of practical interest. For example

in man" cases vibrational and, o rotational excitation of molecules

affects the ma .:tude and the energy dependence of the cross section for

dissociative attachr ent and th.z the accurate determinatior of thermochei

data which use appearance onsets for specific dissociative attachment

I anions. Similarly, such knowledge is valuable for mar applied areas

which employ temperatures higher than ambient (e.g., combustion, flames,

circuit breakers, diffuse discharge switches, etc.). Previous studies

Cor, the effects of temperature o. electron attachment processes have been

reviewed

In this paper we report and discuss the results of a swarm study on

*the effect of T on dissociative electron attachment to the molecules

CCF and C F The magnitude and the energy" dependence of the attachmei

rate constants for these molecules are appropriate for diffuse discharge

* switching applications.

I. EXPERIMENTAL

A. Apparatus

A schematic diagram of the high temperature electron swarm apparatu!

used in the present study is shown in Fig. 1. The basic principles of

2,3operation are as described earlier. A number of modifications were m.



to the basic design to facilitate the measurements at hgrt. oas tempe-at.;:es.

In contrast to our other swarm apparatus, the swarm chamber was made

%100 cm long, and the distances of the two end flanges from the middle of

the chamber are ^50 cm. To avoid leaks at the flanges when heating or cooling,

the region around the flanges was water cooled and was kept at a much lower

temperature than the collision region (the region between the anode and

cathode; see Fig. 1). This arrangement also allowed the high voltage and

signal feedthroughs to be kept at a low T. Special care was also taken in

the construction of the long supporting stands holding the anode and the

cathode (the Cf2 52 alpha particle source used to produce the electron

swarms by the energy decay of the alpha particles was mounted or, a plate

supported on the cathode), which consist of a stainless steel rod with

insulating rods at its two ends.

A furnace and temperature control system (0-10000 C, resolution 10 C,

Applied Test System, Inc.) was used to heat the central region of the

chamber. The temperature in the collision region was measured by six

thermocouples (chromel-alumel, type KX) located as close to the drift

region as possible. With the aid of two independently controlled heating

elements embedded in the insulating walls of the furnace, the gas

temperature between the electrodes was cortrclled to withir 1-20 C. S

E. EX ,erunertal and analytical procedures

The experimental procedures for the electron swarm experiment have

2-40
been described in detail previously. In the present study the chamber

was heated to the desired temperature prior to the measurements We used

Ar and N- as carrier gases, and the mixtures of the attaching

gases under study with either Ar or N2 contained as small a fraction

(10-4 to 10- ) of the attaching gas as possible. This was necessary in
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order to alleviate or reduce the influence of the attachang gas on the

electron energy distribution function f(L,E/N, of the pure buffer gas

used in the subsequent analysis. To observe and to correct for any such

influence, the measurements were performed as a function of the attachina

gas number density N at each total gas number density N . When k depended
a t a

on Na/N t (see Section III), the pressure-independent k was determined fro-at a

an extrapolation of k to N IN 0. Such data were taken at eacha a t

temperature at which measurements were made.

The buffer gas (quoted purity 99.999% for N2 and 99.9995 for Ar)

was further purified by fractional distillation in the liquid nitrogen

* traps (Fig. 1). The attaching gas samples were deoxygenated by repeated

freeze-pump-thaw cycles. For measurements at T > 300 K, the attaching/

buffer gas mixture was prepared in a separate premixing container at

room temperature, and this premixture was used for the measurements.

This procedure was adopted for three main reasons: (1) to eliminate

problems which might arise from a nonuniform T over the large volume of

the swarm chamber, (2) to reduce outgassing problems which, especially

at high T, could interfere with the measurements at low attaching gas

number densities, and (3) to avoid the problems connected with the

reduction in the attaching gas pressure observed (Section IlIA) tc.

occur at elevated T.

The possible sources of error in the measurement of k with thea

present technique have been discussed in Ref. 3. The total uncertainty

in the present ka measurements is estimated to be 6-8% except for the

measurements of ka in CCF 3 at the lowest <c> which were more uncertain

(Section IIIA), and the measurements of ka in CCQF 3 at T > 600 K which

were also characterized by larger uncertainty (Section ILIA).

0 '



Tre measured k (E,/N,T) [or k a (<,,T)j were used to determine
a a

a (&,T) by the swarm unfolding procedure- using the relationa

k (<c>,T) f .C a (&,T) f(F-,<0>,T) d&(i
a m' a

0

where c and m are the electron energy and mass, respectively. The

electron energ" distribution functions f(c,<C>), the mean electron

energies <L,, and the electron drift velocities w in Ar at the higher

3temperatures were assumed tc be those at room temperature. For N2 ,

however, this assumption is not valid. In this case, we used <c> and w

values obtained6 at 400 K.

III. RESULTS

A. Electron attachment rate constants

In Figs. 2 and 3 are shown the k a(<>,T) for CC F3 and C2 F6

respectively. For both molecules, the measurements at the highest T

were limited to <c> < ̂ 3.5 eV due to corona problems. For CCUF 3 additional

difficulties arose from substantial rapid disappearance of CCUF at high
3

T (see later in this section) which did not allow measurements above

70- K. All measurements were performed in a buffer gas of Ar except for

the measurements at 300 and 40C K for CC£F 3 which were also made in N2

(Fig. 2).

At each value of T, four or more independent sets of measurements

were made over a range of N from 2.25 to 9.66 x 10 19cm and over a

range of N from 0.7 to 7 x 10 cm In Figs. 4 and 5 are showna

typical examples of the dependence of k a(<>) on the ratio Na/N t and T

• -. . . • . . ..... . . . ... ....... .
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for CCkF- and C F. respectivelv. For all <E- and T values studied the

C k was obtained for N N, - C. and these values were plotted in Figs. 2

and 3 and are listed in Tables I and II.

The effect of the attaching gas on f(E,<>) was particularly significant

* for Ar at <.-> < 1 eV and resulted in a greater uncertainty (>10%) of k

in this energy region. To completely remove this effect, the ratio

' -6
N 'N must be <IC- this, however, was not possible for CCUF because
a/ t

of the low magnitude of its k at low <E>. This is the reason why oura

meas. rerents of k in Ar for CCF 3 at 300 and 4C' K do not extend to as

low values of <E> as at the higher T. The fact that the measured k (<r>)a

in Ar are lower than those in N2 (see Fig. 2) may be attributed to the

effect of the attaching gas on the f(C,<E>) of pure Ar, although

uncertainties in the determination of <E> in N2 could also contribute to
6

this discrepancy. For CCF 3 the k a(<>) were independent of time (following

the introduction of the mixture into the swarm chamber) for T S 500 K

but decreased progressively with time at T > 500 K. This may be attributed

to the disappearance of CCF 3 via reactions with the stainless steel

walls of the hot chamber and/or via thermal decomposition into nonelectron

attaching species. Due to the rapid decrease with time of the k fora

CCZF- at T ? 60C, K, the following procedure was adopted for the measurement

of k for this molecule. A premixture of CCUF 3 with Ar was prepared in

a container at room temperature and was introduced into the hot chamber;

a series of k measurements as a function of time for a number of E/Na

values were then conducted. From a plot of k versus time for each E/N,a

the value of k for that E/N was obtained for t = 0 (i.e., the time thea

premixture was introduced into the chamber). The chamber was subsequently

evacuated, a new quantity of the prem.xture was introduced into the
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chamlber arid the measurements were repeated for another range of E/N

values. This method gave reliable data (uncertainty <10%) for T ! 600 K

but less reliable data (uncertainty 10-20%) for 700 K because of the

more rapid decrease of k at the latter temperature.
a

B. Swarm unfolded cross sections

The k (<c>) measurements presented in the previous section wereaI
unfolded to obtain the total electron attachment cross sections o (r).a

These are plotted in Figs. 6 and 7 for CCF and C F respectively.
3 2 6'

The magnitude of the cross section for C F does not change appreciably
2 6

by increasing T. However, the peak position of the resonance and the

appearance onset shift to lower energies by more than 0.6 eV when T is

raised from 300 to 750 K. The full width at half maximum (FWHY,) of the

resonance also increases from 1.6 eV at T = 300 K to 2.0 eV at T = 750 K.

The present room temperature a (&) [and k a(<E>)] data compare wella a

with those of Ref. 3.

The effect of T on the electron attachment to CC£F is more profound.
4 3

The magnitude of the low-energy peak in Oa(c) [or k (<c>)] increases by
a

a factor of -3, and its position shifts from 1.55 to 1.1 eV when T is

increased from 300 to 70C K. The appearance onset shifts to 0 eV when T

is raised from 300 to 40C K. On the other hand the magnitude and position

o; the hig energy peak are not noticeably affected by the changes in 1

in the range studied.
4

C. Electron beam studies; comparison of electron swarm and electron beam

data

The CCkF 3 and C2F 6 molecules were also studied in a time-of-flight

mass spectrometer (TOFMS). For C2F 6 two main negative ions, F and

42



C_ were observed, with attachment cross sections having relative peak

intensities 3:i and peaks, respectively, at 3.9 and 4 eV. These results

7
have beet. reported earlier. In Fig. 8 the present room temperature

swarm unfolded c, (a) is compared with the normalized total attachment

cross sectio of the TOF study%. The agreement of the peak position

the FwHr, and the onset of the resorance as obtained in the two experiments

is satisfactory considering the overall uncertainty in the two experiments.

The nonunfolded and unfolded (see Ref. 7) relative cross sections

as a function of c for the four anions Ci F ,CF , and CCiF observed

for CCF are shown in Figs. 9(a) and 9(b), respectively. The relative

peak intensities, energy of maximum ion intensity, FWHI, and appearance

onset of these anions are listed in Table III, where a comparison is

made with the literature data. With a few exceptions, the agreement

8.
between the present beam results and those of Illenberger et al. is

good. Illenberger et al. reported the magnitude of the second peak in

the Cf cross section to be --10 times larger than that of the first

peak. The present beam and swarm results, as well as the beam results

of Verhaart et al.,9 indicate that the first C resonance process has a

higher cross section than the second. The 0.7 ± 0.3 eV onset leading to

C; formation measured by Illenberger et al. is higher than the C.3 eV

onset we determined. However, the 0.3 eV val'ie was not reproducible as

it depended on the electron source condition and filament temperature

and most likely corresponds to a T higher than ambient (see below).

Finally, the 3.9 eV peak for CQF- measured by Illenberger et al.8 is

lower by -0.8 eV compared with the 4.7 eV value of the present work (the

appearance onset for this anion was found by both studies to be the

same). The 4.7 eV value seems to be more consistent with the grouping



of the resonance maxima of all anions observed for CCiF_ at 4._ 1 C,.2 eV

[see Fig. 9(b)].

In Fig. 10 we compare the room temperature total swarm unfolded

o (c) and the beam total relative electron attachment cross section for
a

CF 3' the latter has been normalized to the high-energy peak (at -5 eV)

of the swarm unfolded a (E). The beam cross section (at tre low-energy
a

peak) is broader and its onset lies at lower energies compared with the

swarm data; actually, it is in better agreement with the 40r, K swarm

unfolded cross section (Fig. 6), which may indicate that the temperature

in the collision region of the TOFMS is higher than ambient due to

heating caused by the filament. The difference in the relative magnitude

of the two peaks as determined from the beam and the swarm experiment

may result from mass discrimination or discrimination due to excess

kinetic energy of the dissociative attachment fragments in the beam

experiment.

IV. DISCUSSION

A. Energetics of dissociative electron attachment processes

Before discussing the effect of T on the electron attachment processes

for CCF and C F it is worth considering the energetics of these

processes. In Tatle IV are summarized possible fragmentation processes

along with their heats of reaction leading to the formation of the four

fragment anions we observed in low-energy' electron impact with CC£F 3.

In the last column of the same table are listed the excess energies, E

of some of the proposed reactions and the electron affinities, EA. of

the radicals CkF and CCF 2 ' These are compared with the literature data

whenever available. All quantities were determined as described in the
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footnotes of Table IV using appropriate ernerav balance equation s. For a

reactiorn of the for

e + RX - R + X (2)

these energy balance equations, if we neglect any initial internal

excitation of RX, are

*r. A f(R) + AHf( - EA(X) - AH (R , (3)

AO(X) = H + E , (4)r

AO(X) D(R-X) - E(AX) + E , (5)

where AH-r is the heat of the reaction, AH f(R), AH f(X), and AHf(RX) are

the heats of formation of R, X, and RX, respectively, EA(X) is the

electron affinity of X, AO(X-) is the appearance onset of X-, D(R-X) is

the bond dissociation energy of RX, and E is the excess energy of the

reaction comprised of the internal energy of excitation and the total

translational energy of the fragments. A similar analysis for C2F 6 can

be found in Ref. 7.

0 B. Temperature dependence of electron attachment

From. the results presented in Section III it is clear that for both

CCF and C2F 6 the temperature affects considerably both k a(<&>) and26a

*o a(F.) As T increases, k (<E>) increases, and this increase is progressivelya a

larger at lower energies (Figs. 2 and 3). For oa (c) the effect of T cana

be summarized as follows: As T increases, the energy position of the

* resonance maximum (for CCRF 3 we refer to the low-energy peak) and the

appearance onset decrease (see Fig. 11), while the resonance widtl.

0 . '



(Fig. 11) and the magnitude of the cross section (Figs. 6 and 7) increase.

This behavior is analogous to the one observed for anions produced from

dissociative attachment to diatomic molecules. In the case of 0 from

0 the effects of increasing T on a (W) were attributed 1 1 8 to the
2 a

population of higher vibrational levels and the high sensitivity of

o (c) to the range of nuclear motion. Thus, it can be shown thata

dissociative attachment to vibrationally excited 02 molecules results in

a broadening of the Franck-Condon region [which increases the FWHM of

a (f)] a decrease in C [the energy at which O (L) peaks] and AO, anda maxa

an increase in the magnitude of a (c) resulting from the increase in the

survival probability of 02 with increasing vibrational quantum number.

Subsequent stde I 1 9 120

Subsequent studies on 02 and other diatomic molecules (e.g., H
2 2'

HCU, HF) confirmed the dominant effect of vibrational excitation on

Oa (c) and the relatively small effect of rotational excitation.

Similar arguments can be advanced concerning the effect of increased

internal ertrg." of a polvatomic molecule with increasing T on its electron

attachment properties, although the situation for polyatomic molecules

i,.ay be more complex because of their large number of vibrational degrees

of freedom. Nevertheless, the present study on polyatomic molecules

shows th-* -- consistent w2_t, the findings on the diatomic molecules 1 -
--

the effects of T on k ('.>) and C W.) can be understood in terms of the
a a

increase in the total vibrational energy of the molecule with increasing

7.

In Fig. 11 are plotted the energy, & , at which o (E) peaks, themax a

appearance onset, AO, of 0 (a ), and the FWHM of Oa (c) for C2F 6 as a

function of T. These quantities are listed in Table V. If we assume

that the linear dependence of c and AO on T seen in Fig. 11 continues

max .I

'1



tc : = K a larea! least square fit to the data in Fig 1 acives a

valae cf 4 3 eV for t ani a value of 2.81 eV for AC at 7 = 0 K,

Sirn:larly. by a linear least square extrapolation, A - 0 eV when

T -- IECC K and E -a 0 eV when T 4 ^320C' K (see Table V). The valuen-ax

f r =4.3 eV at I = C K gives the energy difference between the neaatave

10. state fror the ground, v = 0, vibrational level of the neutral state

at the equilibriuzr distance of the latter. This is the enerav close to

wEil. would peak f all the C.,F. molecules were in the v = 0a -" b

ieve 7r. thn.5 casE the value AQ would be 2.81 eV instead of 2.3 eV as

observed at room temperature. The finding that AO = 0 eV at T 160C K

would imply that at this value of T the internal energy of the molecule

is such that ever. zero-energy electrons can be attached to C F and thus

reach the negative ion state. For this to be so, large amounts (-2 eV,

since F and CF3  from C2F 6 cannot be produced at energies < -1.8 eV')

of energy" are required.

These findings can be rationalized in a way similar to that adopted

for electron attachment to hot diatomic molecules, namely, as attachment

of thermal energy electrons to C F molecules in vibrational levels v
2 6

lying at \1.8 eV. Although the fraction, N , of C F molecules excited

4v 2 6
to these high-lying vibrational levels is very small (I -0 ) compared tc

that N , of C F molecules in the v = C level, the cross section, o2 E. v

for thermal electron attachment to C2 F6 (v = 1.8 eV) can be much larger

than that, o0, for attachment of an electron of energy ^-1.8 eV to the

C F (v = 0) molecule, such that N o N a Alternatively, since
2F6 vv 00 0

C2F 6 is a polyatomic molecule, let us consider the total average internal

energy of the molecule which we assume to be principally the vibrational

energy of the molecule. Let us further assume that as T increases each



I"

normal vibratioral mode is excited by an equal probability and ttha" trie

total internal energy <L>. of the molecule is the sum of the enercy ir.
int

the various normal modes x, viz.,

N c

In Eq. (6) N are the normal modes (3n-6 for a norilinea m.lec-le with r,

atoms, includi.ng degenerate modes), t (v Y,' ' v are the v:taoar.aVx x

energies of the normal mode x in the v 0,i,2.. levels, and E arc the
V

corresponding Boltzmann factors defined for each x by

-L /kT
V

v -v /kTSe v

V= L

We used expressions (6) and (7) and determined <cn (T) for C F usina
int 2 6

the values of v reported in Ref. 21. These are listed in Table V.x

The Qr;. at T = 0 K isint

N i
<f='z 2 hv = 0.790 eV (6.

i.e., is &w ;. tc: _ $an of th, z.:-:-point ener c- c' a' N rk:Pa

modes. At T 1610 K (i.e., at the temperature for which AC, C eV

4
<L>. is equal to ^-2.6 eV (when including <', ) or -1.8 eV (wher . '

int z z

is excluded). The agreement between the two values I i.e the value

(= ^1.8 eV) of <c> when AF - 0 eV, and the minimu (-.8 eV) eriergv
int

required for dissociative attachment] is most interesting. It indicates



that the interrna vibratc :,-, e:.e: L " .. : . t e

from one mode to anothe; ver'; ef~c : . r - r. a

particular (critical) mcde adr. tc t.u." .. a1 ecular

22
reaction theory asserts; it a'sz s: ; " r' s i., terrna

energy is predominantly vibrat ior.al a:.d F. . .'.::'- energ "

carn be used in the dissociatio7. pr sces

Finally, in Figs. 12'a) arid 12(t, are s e., exar,- e cf t tradjtjona

plots of log k versus 7- for a n.zer of 'L for -.- FV ar, §Fa , r- I

respectively. It is seen that thes e car. bte ft te tc a str a g:,t r Ie

only for a portion (T ; 500 K) of the T range investgated. The ka (<E>,T)

data at T ? 500 K have been fitted with the expression

k (<E>,T) = C(<E>) e D(<,>)/kT (9)a

and values of D(<E>) were obtained, In Fig. 13 are shown D(<c>) for

C F Two observations are pertinent: (1) the low values of D and
2 6'

(2) the convergence of D to kT300 as <> - AO300 (=2.3 eV). Both are

consistent with the dominant effect of vibrational excitation on

dissociative attachment which is further demonstrated by the similarity

-1 -1
of the k versus T and (<>int - <> ) versus T functions shown ina mt z

Fia 24.

VI. SUMMARY AND CONCLUSIONS

0

The effect of temperature on dissociative electron attachment to

the molecules CCkF 3 and C2F 6 was studied using a high temperature swarm,

apparatus. This effect was found to be more profound for CCiF than for

C 2F The k (<L>) and a () for CCEF are smaller tharn those of C2 F6



anj also lie at lower energies. This study corfrrri pievieoj firid-nics"

that the enharcement of dissociative electrorn attaiTr.,er.t witL, increas'n

T is more sigrificant when the room. temperature a (t) is small, and wher.a

the result of the heating of the molecule shifts the dissociative attachment

resonance to an energy range close to 0 eV.

TIe enharcement of dissociative attachment by increasing I was

understood as the result of vibrational excitation of the molecule.

Evidence was presented that the excitation energy frot the various modes

of the molecule can be transferred fror one mode to the rest and be

utilized for the energetics of the dissociative attachment.

0
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TABLE I Electr,,r. attacthment rate constants k l,,r CU£- ir. a b.ffert a

gas of argoras a functior, of E ., <., and T.

k (10- c s )a
T(K)

E/N T = 30C K T = 300 K 300 400 500 550 600 700
-18 2 -11.10 V crt ) (eV) (105 cm s )

0.217 0,412 1.097 4. 20

0.311 0. 473 1.200 5.80

0.373 0.509 1.258 3.60 7.O0

. 0.466 0.559 1.335 3.40 4.50 8.20

0.528 0.590 1.38 2.80 3.8C 5.00 9.10

0.621 0.634 1.44 3.30 4.60 5.80 10.03

0.777 0.702 1.53 4.20 5.50 7.00 11.80

0.932 0.764 1.61 3.20 5.00 6.60 8.20 12.70

1.09 0 .822 1.68 3.76 5.60 7.50 9.20 13.10

1.24 0.876 1.75 4.20 6.30 8.10 9.84 13.30

1.55 0.97e 1.87 3.43 5.04 7.05 9.15 10.64 13.414

1.86 1 .06 1.95 3.88 5.52 7.50 9.55 10.76 13.44

2.17 1.15 2.03 4.07 5.76 7.60 9.60 10.76 13.30

2.49 1.23 2.10 4.16 5.85 7.60 9.58 10.70 13.00

3.11 1.37 2.22 4.22 5.81 7.46 9.30 10.30 12.20

3.73 1.50 2.33 4.20 5.62 7.08 8.75 9.80 11.60

4.66 1.67 2.46 4.04 5.31 6.60 8.05 9.10 10.90

5.28 1.77 2.54 3.95 5.12 6.38 7.75 8.76 10.50

6.21 1.92 2.64 3.89 5.00 6.15 7.40 8.30 10.00



- -' , - " . - . " " . .. . .. :. . . - " ' - - " - -

TABLE : (Continued

k (10-11 cm3 s-a

T(K)

<g> w

E/N T =300 K T =300 K 300 400 500 550 600 700
18 2 -1

(10 V cm2 ) (eV) (10 cm s

7.77 2.14 2.79 3.97 4.97 6.10 7.15 8.00 9.40

9.32 2.33 2.92 4.25 5.15 6.15 7.20 8.05 9.2C

10.97 2.52 3.04 4.55 5.45 6.40 7.40 8.10 9.26

12.4 2.69 3.14 4.82 5.70 6.58 7.56 8.20 9.36

15.5 3.00 3.33 5.30 6.06 6.92 7.78 8.40 9.40

18.6 3.29 3.49 5.60 6.22 7.02 7.80 8.48 9.36

21.7 3.55 3.63 5.71 6.25 7.00 7.74 8.40

24.9 3.80 3.76 5.73 6.15 6.88 7.55 8.30

27.9 4.03 3.88 5.67 6.05 6.68 7.28 7.96

31.1 4.26 3.99 5.60 5.94 6.50 7.10 7.70

34.2 4.43 4.18 5.51 5.80 6.37 6.95 7.50

37.3 4.58 4.38 5.43 5.70 6.24 6.80

4C.... 4.71 4.62 5.34 5.64 6.14 6.71

43.5 4.81 4.90 5.30 5.55 6.07



IALE K. Electron attac aer;t rate constants k for C 2F ir, a buffer
gas of argct as a furction of E/N, <f ., aric .

(10- 10 3 -I
a

T(K)

<> w

E,' ' = 300 K T = 300 K 300 400 500 570 650 750- 1 2-~ -1
(1.0 \ c ) (eV) (5 cm s )

1.55 0.976 1.87 0. 16

1.8t 1.068 1.95 0.15 0.24

2.17 1.15 2.03 0.04 0.11 0.22 0.35

2.49 1.23 2.10 0.06 0.14 0.27 0.37 0.60

3.11 1.37 2.22 0.17 0.29 0-39 0.61 0.80 1.10

3.73 1.50 2.33 0.40 0.59 0.76 1.10 1.35 1.80

4.66 1.67 2.46 0.92 1.23 1.47 1.97 2.30 2.84

5.28 1.77 2.54 1.32 1.73 2.00 2.57 2.90 3.50

6.21 1.92 2.64 1.99 2.44 2.80 3.42 3.80 4.40

7.77 2.14 2.79 3.08 3.57 3.90 4.56 4.95 5.60

9.32 2.33 2.92 4.01 4.48 4.75 5.40 5.80 6.40

10.97 2.52 3.04 4.71 5.10 5.40 5.98 6.35 7.00

12.4 2.69 3.14 5.20 5.54 5.80 6.38 6.70 7.35

4 15.5 3.00 3.33 5.75 6.01 6.24 6.72 6.97 7.65

18.6 3.29 3.49 5.94 6.13 6.32 6.73 6.95 7.60

21.7 3.55 3.63 5.95 6.10 6.20 6.56 6.82 7.40

* 24.9 3.80 3.76 5.84 5.94 6.06 6.34 6.56

27.9 4.03 3.88 5.69 5.76 5.88 6.14 6.35

l6im



TABLE I1. (Continued)

S
-10 3 -1

k (10 cm s )
a

T(K)

E/N T =300 K T 300 K 300 400 500 570 650 750
- 8 2 5 "1

(10-1 V cm2  (eV) (105 cm s1 )

31.1 4.26 3.99 5.52 5.58 5.66 5.92 6.12

34.2 4.43 4.18 5.38 5.44 5.5 5.74 5.94

37.3 4.58 4.38 5.23 5.30 5.35 5.56 5.77

40.4 4.71 4.62 5.10 5.16 5.24 5.40 5.62

43.5 4.81 4.90 5.01 5.06 5.10 5.29 5.53

• . . o •
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TABLE V. Values of L AD, and FWHY for themax'
O (&) of C F and <c,,. for C F as aa 2 6 int 2 6

function of T.

T F a AO a FWHMa >. bmax (&nt

(K) (eV) (eV) (eV) (ev)

, 4.3c  2.81 0 .7 9 0d

300 3.9 2.3 1.6 0.897

400 3.75 2.1 1.65 0.982

500 3.6 1.95 1.7 1.084

570 3.5 1.8 1.75 1.162

630 3.4 1.7 1.82 1.258

750 3.3 1.5 2.0 1.385

CS1610 0.0 2.607

3170 0.0c  4.972

a max' AO, and FWHM are, respectively, the

energy position of the resonance maximum, the
appearance onset, and the full width at half
maximum of the oa (c) for C2F 6 at the respective
T.

b<Cin is the total average vibrational energy
of the molecule calculated as described in the
text.

CExtrapolated values assuming that the behavior
in Fig. 11 holds in the entire T range 0 to
-3200 K.

dZero-point energy determined from Eq. (8)

(see text).



F IGURE CA7 i ON!

FIG. 1. Schematic diagram of the high temperature electron swarmr, apparatus

employed ir the present study.

FIG. 2. Total electron attachment rate constant k as a function of the
a

mean electron energy <C, for CC£F. at temperatures 30C, 400, 500, 55 " ,

600, and 70O K.

FIG. 3. Total electron attachment rate constant k as a function of the
a

mean electron energy <L> for C F at temperatures 300, 400, 500, 570,
2 6

650, and 750 K.

a FIG. 4. The electron attachment rate constant k for CC£F 3 as a function

of the ratio Na/N t of the attaching gas number density Na to the total

gas number density Nt for a number of <>, T, and Nt -

FIG. 5. The electron attachment rate constant k for C2F 6 as a function

of the rato N IN of the attaching gas number density N to the totala t "a

gas number density Nt for a number of <ct., T, and N

FIG. 6. Swarm unfolded total electron attachment cross section o (-) asa

a function of t for CCUF 3 at 300, 400, 500, 550, 600, and 700 K obtained

from measurements of k (<>) in Ar.a

FIG. 7. Swarm unfolded ' ,tal electron attachment cross section a (c) as

a function of c for C2F6 at 300, 400, 500, 570. 650, and 75C K obtained

from measurements of k (<c>) in Ar.
a

0



FIG. 8. Comparison of the swarm unfolded total attachme,t cross section

oa () for C2F 6 at T = 300 K with the total relative cross section for

negative ion production obtained in the electron beam study. 7

FIG. 9. Negative ion intensity as a function of c for CCUF, measured in

a time-of-flight mass spectrometric study. (a) Nonunfolded data,

(b) unfolded data (note the multiplication factors).

FIG. 10. Swarm unfolded total attachment cross section ca (L) for CC-CF
a3

at T = 300 K in comparison with the relative total negative ion cross

* section measured in a beam study (Fig. 9). The beam relative cross

section was normalized to the high-energy peak (at -5 eV) of the swarm

unfolded a (&).a

FIG. 11. Energy position of the resonance maximum c the appearance" wax'

onset AO, and the full width of half maximum FWHM, of the a (), as a
a

function of T for C F
2 6'

FIG. 12. Electron attachment rate constant k versus 1/T for a number of
a

mean electron energies <>. (a) CCkF 3 and (b) C2 F6

FIG. 13. Plot of the activation energy D versus <c> in dissociative

electron attachment to C2 F The broken line designated by kT30 0 is the

value of kT at T = 300 K.

FIG. 14. Total attachment rate constant, k , at the mean electron energya

<c> = 1.5 eV and the average internal energy <[ int (excluding the

-1zero-point energy (C> z ) versus T for C2F6 (see text for discussion).
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